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1.0 INTRODUCTION The Instrumpnts& Life Support Division of the Bendix Corporation

. . submitsthis tmal report to the MarshallSpaceFlightCenter _MSFC)
to document the progressmade during PhaseC of NASA Contract
NAS 8-30160 for "Design; Development and Manufacture of a
BreadboardRadioFrequencyMassGaugingSystem."

3 heobjectivesof PhaseC wereasfollows:

• Conduct and evaluate gaugingperformancetests usingliquid
hydrogeninthe PhaseB cryogenictest tank.

• Conduct and evaluate gaugingperformancetests using liquid
oxygenin the PhaseB cryogenictest tank.

• Evaluationsof the multiple probe approachin conjunctionwith
perturbationsin tanksusingRP-I asa test fluid.

• Evaluations of the effects on gauging performance of
perturbationsin tanksusingRP-1asa test fluid.

• Conduct a pressurizationtest to determinesystemsensitivityto
pressureusingRP-1asa test fluid.

• To improveanaloganddigital processingelectronics.

• To investigatea non-linearsweepgeneratorwhose sweeprate
would vary with frequency;and incorporatea solid ctate 1.0 -
2.0 GH_ RF oscillator.

The following sectionsdetail the accomplishmentsand conclusions
whichcan be madefrom the work performedduringPhaseC.
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2.0 CRYOGENIC TESTING As a further evaluation of the RF gaugingtechnique, additional tests

, were performed using the cryogens liquid hydroqen (LH 2) and liquid
oxygen (LOX). The test tank used in these testswas the dual-walled,
vacuum-insulated test vesselwhich was designed, fabricat_;, _,,u used
in Phase B under NASA Contract NAS 8-30160. During March 1974

LH 2 tests were performed; after modifications to the test tank,

add;tional LH2 tests were performed in January 1975. LOX tests
were performed in February 1975. The following sectionsdefine the
test hardware, procedures, and test results obtained in the course of

these cryogenic gauging tests.

2.1 TEST HARDWARE The test tank fabricated in Phase 8 consists of an inner pressure

vessel and an outer vacuum shield vessel. The pressure vessel is

wrapped with sheets of aluminized mylar and suspended in the outer

vacuum shield. The space between the inner and outer vessels is
: evacuated to provide appropriate thermal insulation. (For complete

details of tank construction refer to the Phase B Final Report,

Volume I, Design, Development And Manufacture of a Breadboard
Radio Frequency Mass Gauging System, Bendix I&LSD Publication

Number 7246, November 15, 1974). Figures 2-1 thru 2-3 show the
test tank mounted in a gimballing fixture. This fixture contains a

remotely controlled gimballing mechanism which is capable of
rotating the test tank, when filled with either test cryogen, 180° in

: either direction from a horizontal position about the minor axis of
the dewar. Rotation of the test tank is accomplished by means of a

reversible electric motor with a chain and sprocket drive.

Figure 2-4 shows the accesshatch end of the test tank with the outer

and inner hatch covers removed. Figure 2-5 shows the RF probe
assembly used in the test tank. This probe assembly is a

multi-element assembly, where each element is a short E-field probe

covered with a t_flon radome. This assembly mates with the pressure

vessel at the accesshatch and is sealed by welding at the outer lip of
" the accesshatch.

Due to the inherent hazards associateo with LH 2 and LOX, the test
tank, orientation fixture, and R F gaugingprocessing el_tronics were

positioned in a concrete hazard-te_t-cell during testing. Liquid

transfer and tank orientation tests were remotely controlled from an
instrumentation building that contained all control and monitoring

: 2
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equipment. Figure 2-6 illus*rates d,_ physical arrangement of the test
configuration. To facilitate the acquisition of a large quantity of

data, an automatic data acquisition system provided the appropriate

interface between data outputs and an IBM Model 026 modified

ke'tpunch. Figure 2-7 shows a block diagram of the basic test
" instrumentation setup which was used to record all test data. The RF

gauging processing electronics designed for and used in Phase B was

again used for the cryogenic tests after minor modifications.

2.2 LIQUID HYDROGEN TESTS- To augment the Phase B LH 2 loading and orientation test data,

MARCH 1974 additional LH 2 tests were performf.<l in Phase C. Problem_ chat had
been noted during the Phase B tests with the data acquisition system

and the RF sweep oscillator were corrected prior to testing. The data

acauisition system had been set up so that the RF _weep ,.:cillator
would provide system sequencing. This arrangement caused noise

to feedback into the system from the IBM keypunch, causit_ra

errors in card punching. To _lleviate this source of errors, the system

was changed so that the IBM m_chine on automatic cycling would
initiate the sequencing for the data acqu isition.

2.2.1 LH 2 TEST PROCEDURE After a systems checkout, the tes_ tank was pre-chilled with LN 2,
emptied, ,'.hen filled to approximately 100% of capacity with LH 2.
Both static and dynamic orientation testing was performed at

approximately 10% intervals of mass. Static and dynamic
orientations involved the following conditions.

A. STATIC ORIENTATION TESTS

• Tank positioned and fluid allowed to come to rest at each

' position prior to taking data.

• Mass held constant.

• Data rerorded at each 15_ increment of orient;,'.,un

B. DYNAMIC ORIEN1ATION TESTS

• Continuous orientation of test tank back and forth (360=).

• Rate of rotation of tank approximately 6° per second.

• °

°. 7
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• Massheld constant.

• Data recordedcontinuously.

2.2.2 LH2 TEST RESULTS At the beginningof the LH2 tests (during LH2 loading)the system
had high sensitivity.However, a failure occurredduring [he testing
which greatly reducedthe systemsensitivity,consequentlycausing
the ma_spercenterror to be large.This changeor lossin sensitivity
has beentraced to a failurein the modeprocessingelectronicswhere
the cause of loss of sensitivitywasdue to damageof the crystal
detector. However; the testingwas continued. Figure 2-8 showsan

error matrix for these LH2 tests. Figures 2-9 and 2-10 show
frequency distribution and cumulativeerror distributioncurvesfor
thisdata.

From these resultsit was clear that the reducedsystemsensitivity

with the March 3, 1974 LH2 testscausedthe masspercenterror to
be largerthan that obtainedwith the PhaseB,January 9, 1974 LH2-
test data. As a result, total error analysisbreakdownof the March

LH2 test data was not attempted. However, it was noted that for
thesetests errorsdue to the data acquisitionsystemwere reduced
and the mode count variancewassmallerthan that seenin the Phase
Btests.

2.3 LIQUID HYDROGEN TESTS- Additional testingwith LH2 was performed in January, 1975. For
JANUARY 1975 thesetestsseveralchangeswere ir_:orporatedin the test tank anddata

acquisition system to improve the test system. These changes
includedthe following:

• Add temperaturecontrol to the RF sweeposcillatortestbox.

• Add temperaturecontrol to the RF signalprocessingtest box.

• Add N2 coolingpurgeto solenoidvalvesin test tank.

•Improvc performance of data acquisition interface with IBM
keypunch.

• Modification of test tank to minimize variations in RF system

output with empty tank orientation. (SeeSection3.0 for details
of the tank modifications).

10
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2.3.1 LH2 TEST PROCEDURES After the cryogenic test tank was modified to minimize the empty
tank orientation sensitivity, it was returned to the hazard test cell
and interfaced with the modified data acquisition and fluids handling
hardware. Following a pre-test system checkout, the tank was

pre-chilled with LN2, emptied, and then filled with LH2 to
approximately 95% of capacity (132.6 Ibs of LH2). Static and
dynamic orientation testing was then performed at each of tile

following incremental amounts of LH2: 95%, 90%, 80%, 70°, 60%,
50%, 40°/o,30%, 20%, 10%, 5%, and0%.

As in the previousLH2 tests,the static anddynamicorientationtests
involvedthe followingconditions:

A. STATIC ORIENTATION TESTS

• Tank positioned and fluid allowed to come to rest at each
positionprior to taking data.

• Massheldconstant.

• Data recordedat each15° incrementof orientation.

• 10 data framesrecordedat eachangularincrement.

B. DYNAMIC ORIENTATION TESTS

• Continuousorientationof test tank backandforth (360°).

• Rateof rotation of tank approximately6° per second.

• Massheld constant.

• Datarecordedcontinuously.

• 100 Data framesrecordedat each loadingincrement.

2.3,2 LH2 TEST RESULTS

2.3.2.1 WEIGHT To establishthe mass of LH2 in the tank during an incremental
DETERMI NATION loadingand orientation test, it wasnecessaryto subtractout the tare

14 !i
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i weight measuredwith the tank completelyempty andthe fill hose
• " disconnected.At any givenfill level whereboth dynamicand static
•. orientation testingwas performed,the tank fill andvent lineswere

_ closed. Hence, the actual mass for both dynamic and static
; orientation tests were the same. During orientation testingthe fill

hosewasdisconnected.The best indicationof actualLH2 m&ssinthe
! tank 3t any givenpercent loading wasdetermined from averagingthe

indicatedmasson those IBM cardspunchedwhile the tank wasiq its
normal upright position(samepositionaswhen tare weightof empty
tank was acquired) and then subtractingthat tare weight from it.

Table 2-1 summarizesthe actualLH2 weight incrementsat whichthe
orientation testswere performed. The volur_leof the tank iscapable

! i of containing139.48 poundsof LH2.

i;
._[ TABLE 2-1

ACTUAL MASS LOADING (LH2)

ii Scale Actual

Approx. Indication Tare Weight

• : Percent of Mass(A_g.) Weight of LH2
i,! Loading In Pounds In Pounds In Pounds

95 137.51 5.35 132.16
! _ 90 132.08 " 126.73
• o

80 116.81 " 111.46
• " 70 103.16 " 97.81

i i 60 89,69 " 84,34
50 74.24 " 68,89
40 61.95 " 56.60
30 48.37 " 43.02• .

20 33.91 " 28.56
; 10 20.50 " 15.15

5 12.50 " 7.15
0 5.33 " 0.0

2.3.2.2 LINEAR REGRESSION The first stepin analyzingthe static orientationdata was to calculate
"" CURVE (STATIC) the averagemodecount for all of the staticorientation positionsfor

eachrespectiveincrementalloadingaccordingto the equation:

U
U 16
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Mode = _ i=1
(1)

Table 2-2 summarizesthe averagemode count for all orientationsat
eachrespectiveloadingalongwith the actual mass.

It was noted that the temperature of the tank and the antenna
structure had warmed up considerableby the time that the empty
orientation data was acquired. As a result, the averagemcde count
for the empty tank is lower than whenthe tank andprobestructure
iscompletelychilled.

This difference is primarily due to the changewith temperatureof
the electricaland dimensionalcharacteristicsof the teflon associated

with the antennaradomesandthe teflon in the semi-rigidcoaxin the
probe structure. Once the probe structure is completelychilled no
further changesin theseelectricalanddimensionalcharacteristicsare
seen. Alternate materialsand designconfigurationscan be usedto
limit this effect. As a resultthe empty tank mean modecount was
not usedin calculatingthe linearregressioncurve.

TABLE 2-2

SUMMARY OF MEAN MODE COUNT AND ACTUAL
MASS AT EACH INCREMENTAL LOADING

(FROM STATIC ORIENTATION DATA)

Approx.
Percent MeanMode Actual

Loading Count Mass(Ibs)

95 2134.266 132.16
90 2108.818 126.73
80 2029,852 111.46
70 1976.824 97.81
60 1924,328 84.34
50 1871.388 68.89
40 1834.132 56.60
30 1756.292 43.02
20 1708.280 28.56
10 1648.752 15.15
5 1641.856 7.15
0 1539.394 0

16
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: Using the valuesfrom Table 2-2 for massand averagemodecount
{except for 0% loading), a linear regressioncurve of the form

i Y = /30+/_1 X (21

wasgenerated, where

Y = mode count

X = mass

/30 = the Y intercept

_1 = the slopeof the line

The coefficients/30and/31 canbedeterminedfrom the simultaneous
solutionof the followingequations

"" _0 = _ Yi -/_1 _E_Xi (3)
i=1 i=1

N N N

i _'_JXi_Yi- N_-_ XiYi
" i=1 i=1 i=1

_1 = N 2 I_ (4)

i=1

Solutionof equations(3) and (4) providesvaluesfor/30 and_1 of the
linear regressioncurve.They are

(30 = 1596.64 (Empty tank modecount)

/31 = 3.9797 (Sensitivity- Modes/Ibs)

The regressioncurvethen becomes

Y = 1596.64 + 3.9797X (5)

17
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The regressioncurve is usedas the basisfor all error calculations
relating to the staticorientation tests.This curve is shownin Figure
2-11 alongwith the mean modecount for all orientationsfor each
mass loading, The residualsof the measur,-_dmean mode count
relative to the mode count calculated from the least squares
regressioncurveas shownin Table 2-3. Theseresidualsarecalculated
from

rmeanmodemOde// -- (modeCalculatedcount j count
%modecounterror = " X 100 (6)

Calculatedl
mode J
ount ]

Figure 2-12 showsthe percent deviation in mean mode count from
the linear regressioncurve; the averageof these residualsis0.48174%
error of point.

TABLE 2-3
% ERROR OF MODE COUNT FROM

LINEAR REGRESSION CURVE (BASED
ON MEAN OF DATA-STATIC ORIENTATION TEST)

Approx. Actual Actual % Error
Fercent Mass Mode Theoretical Mode Count

Loading (Lbs.) Count ModeCount (of Point)

5 7.15 1641.9 1725.09 +1,0316
10 15.15 1648.7 1656.93 -0.4935
20 28.56 1708.3 1710.30 -0,1179
30 43.02 1756.3 1767.84 -0.6534
40 56.60 1834.1 1821.89 +0.6721
50 68.89 1871.4 1870.80 +0.0315
60 84.34 1924.3 1932.28 -0.4118
70 97.81 1976.8 1985.89 -0.4566
80 111.46 2029.8 2040.21 -0.5079
90 126.73 2108.8 2100.98 +0.3729
95 132.16 2134.3 2122.59 +0.5499

Averaqe 0.4817

18
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2.3.2.3 MASS ERROR (STATIC) For each fill level and static orientation point the mean masswas
calculated usingthe mean mode count for that orientation. The
c_!culatedmassfor eachorientation is arrived at by meansof the

eduaticn

X = Y" 1596.64 (7)
3.9797

The %masserror of the systemisthP_ calculatedas

actualmass- calculatedmass
PercentError = X 100%. (8)

full tank mass

A mass error matrix of percent fill and orientation anglecan be
constructedso as to presenta summary of all systemerrors.This

matrix isshownin Figure2-13.

The error matrix can be analyzed to yield further insightinto the
behavior of the RF Gauging. One Wpe of analysisavailableis to

group the data sothat its frequency distributionisapparentandthe
cumulative error distribution is ca;culated. Having the cumulative
distribution, the probability function for the data can be arrived at
by simply differentiating the cumulative distribution function.

Figure 2-14 contains a plot of the mass error frequency of
distribution in which the positiveand negativemasserrors are _h¢,wn

separately. Figure2-15 contains a plot of the masserror frequency in
which both the positive and negative mass errors are considered
together (i.e. absolute valves), Figure 2-16 contains the cumulative
distribution plot obtained from the latter mass error frequency
distributiondata.

o_

,o
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2.3.2.4 LINEAR REGRESSION In exar_inationof the dynamicorientationdata, the first stepwas to
CURVE (DYNAMIC) calculatethe averagemode count for all of the data frames;or each i

respectiveincrementalloadingaccordingto the followingequation:

1 N

i_I Modeli). 191_-_'_=-_.=

Table 2-4 summarizesthe averagemode coun'Lfor each respective
loadingalong with the actual mass.

TABLE 2-4

' SUMMARY OF MEAN MODE COUNT AND ACTUAL MASS
AT EACH INCREMENTAL LOADING (FROM DYNAMIC

ORI ENTATION DATA)

Approx. Actual
Pement Mean Mode Mass

Loading Count (Ibs)

95 2133.336 132.16
90 2101.041 126.73
80 2041.980 111.46
70 1979.660 97.81
60 1919.510 84.34
50 1863.390 68.89
40 1833.600 56.60
30 1762.230 43.02
20 1698.950 28.56
10 1645.700 15.15
5 1630.340 7.15

Usingthe value¢"._m Table 2-4 for massandaveragemodecount,a
linear regressioncurvecan beestablishedfor the dynamicorientation
test data. (Calculationsbased on same technique as described in
section2.3.2.2.) The regressionc_.,e for the dynamic orientation
data is:

Y = 1590.18 + 4.0391X (7)

where,

Y = modecount

X = mess.

26
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It is noted that this curveagreeswell with that calculatedfor the

static orientation data (Equation 5). This dynamic linear regression
curve is shownin Figure2-17 alongwith the meanmodecount for
eachmassloading(Dynamictest results).

2.3.2.5 MASSERROR The residualsof the measuredmeanmodecount relativeto the mode
(DYNAMIC) count calculatedfrom the leastsquaresregressioncurve a=eshownin

Table 2-5. As with the case of the static orientation data, these
residualsarecalculatedfrom

meanmodet / calculated/
mode _- | mode /
count ] \ count ]

%mode c¢ _terror - X 100. (11)
i /calculated/

/ mOde J
; \count /

. The averageof these residualsis 0.36756% error of point, which is
somewhatbetter than the residualmode % error calculatedfor the

= staticorientationtestdata.

, TABLE 2-5
., % ERROR OF MODE COUNT FROM

LINEAR REGRESSION CURVE (BASED
, ON MEAN OF DATA - DYNAMIC ORIENTATION TEST)

Approx. Actual Actual % Error
i"

! Percent Mass Mode Theoretical ModeCount
• • Loading (Lbs) Count Mode Count (of Point)

: 5 7.15 1630,34 1619.06 0.6964
10 15.15 1645.70 1651.38 -0.3438

, 20 28.56 1698.95 1705.54 -0.3865
30 43.02 1762.23 1763.95 -0.0973
40 56.60 1833.60 1818.80 0.8138

, 50 68.89 1863.39 1868.44 -0.2702
i 60 84.34 1919.51 1930.84 -0.5869 i
' " 70 97.81 1979.66 1985.25 -0.2816

80 111.46 2041.98 2040.38 0.0783
?

90 126.73 2101.04 2102.06 -0.0485

95 132.16 2133.34 2123.99 0.4399 :

] ! ....

lJ
[j =7
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For eachfill level, the mean massiscalculatedusingthe mean mode
• count for that fill level,The calculatedmassisarrivedat by meansof

the equation

X - Y - 1590.18 (12)
4.0391

The %masserror of the systemis thencalculatedas

actual mass- calculatedmass
PercentError = - X 100%. (13)

full tank mass

Table 2-6 summarizesthe mass% error calculationsobtainedfor the

dynamic orientation test data. It is noted that the averagemass%
error for the dynamicorientationtestdata is 1.17336%.

TABLE2-6

DYNAMIC ORIENTATION MASS ERROR

Approx. Actual
Percent Mass % Error

Loading (Lbs) Mass

5 7.15 -2.0014
10 15.15 1.0078
20 28.56 1.1701
30 43.02 0.3048
40 56.60 -2.6273
5 _ 68.89 0.8962
£3 84.34 2.0116
70 97.81 0.9921
80 111.46 -0.2834
90 126.73 0.1810
95 132.16 -1.6585

2.3.2.6 MODE COUNT VARIANCE Further insight into the resultsobtainedwith both the static and
AND STANDARD dynamic orientation data testing can be obtained by noting the
DEVIATION typical spreadin the raw data (mode count) at any givenfill level.

! 29
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Table 2-7 summarizes the variance and standard deviations in i
recordedmodecount for both the staticand dynamic data. For the . _.

i
static orientation testing the averagestandarddeviation in mode
count was 19.1 modes,whereasfor the dynamic orientation testing
the averagestandarddeviationin modecountwas15.8 modes.

2.3.2.7 DATA DISTRIBUTION The questionof the distributionof the raw mode count dataat each ,

TEST fill level during the dynamic LH2 orientation testing has been -!
examined by application of the Kolmogorov-Smirnovtests for
normaldistributionanduniformity. Table 2-8 summarizesthe results
of the Kolmogorov-Smirnovtests for normal distribution and

uniformity at eachincrementallevel of LH2. It issignificantto note
that the data does approacha normal distribution. (Testing for a
bivariate normal is not applicable,sincemodecount is a univariate
statistic.) It is alsonoted that the distribution is not uniform in the
statisticalsense.

2.3.2.8 COMPUTER GENERATED Computer generatedplots of the raw data from the January, 1975

PLOTS LH2 testinghavebeenmadeof the following:

• Frequencyof occurencevs.modecount at eachmassincrement
(staticorientationdata).

• Mode count vs. orientationangleat eachmassincrement(static
orientationdata).

• Frequencyof occurencevs.modecountat eachmassincrement
(Dynamicorientationdata).

• Mode count vs. orientation angle at each mass increment
(Dynamicorientationdata).

Theseplots are presentedin Appendix A of this report.

2.3.3 SUMMARY- LH2 TEST From the data obtained with LH2 usingthe BreadbcardRF mode
RESULTS, JANUARY 1975 countingsystem,the followingwasobserved:

IN THE STATIC ORIENTATION TEST DATA -

• The averagepercenterror of meanmode count from the linear
regressioncurvefor all fill levelswas0.4817%.

, 30
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TABLE 2-8

KOLMOGOROV-SMI RNOV TEST FOR
NORMAL DISTRIBUTION AND UNIFORMITY

(DYNAMIC LH2 ORIENTATION DATA)

TEST FOR NORMAL TEST FOR UNIFORMITY
O_O L,

LOADI NG TEST P(ACCPT/ TEST P(ACCPT/
STATISTIC NULL TRUE) STATISTIC NULL TRUE)

95 0.62390 0.8311E00 1.92548 0.1204E-02
90 0.66049 0.7756E00 2.25734 0.7498E-04
80 0.83026 0.4958E00 2.14590 0.2001E-03
70 1 _,-,,_,le 0.1587E00 1.9o051 0.7835E-G3
60 0 64473 0.8001E00 2.01008 0.6188E-03
50 0.86991 0.4356E00 2.4265 0.1562E-04
40 0.83134 0.4941E00 1.17265 1_78E+00
30 0.99856 0.2715E00 2.36667 0.2724E-04
20 1.18063 0.1231E00 2.06165 0.4066E-03
10 0.64882 0.7938E00 1 23276 0.9572E-01
5 1.15721 0.1373E00 2.87434 0.1192E-06
0 1.71130 0.5719E-02 3.47192 0.0000E00

.!

I
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• The average standard deviation in mode count distribution for

all fill levels was 19.1 modes. For the empty tank the standard
deviation in mode count was 11.0 modes. (See discussion on

empty tank orientation sensitivity insection 3.0 of this report.)

• The average percent error of Mass from the linear regression
curve for all fill levels and orientation angleswas 3.0296.

• Based on cumulative distribution plot of masserrors tor all fill

levels and orientation angles, 75% of all points exhibited a mass
error of less than 4.4% and 50% of all points exhibited a mass
error of lessthan 2.6%.

IN THE DYNAMIC ORIENTATION TEST DATA -

• Average % of Error of Mode Count from linear regressioncurve
for all fill levelswas 0.3675%.

• The average standard deviation in mode count distribution for

all fill levels was 15.8 modes. For the empty tank the standard
deviation in mode count was 8.6 modes. (See discussion on

empty tank orientation sensitivity in section 3.0 of this report.)

• Average % of Error of Mass from Linear Regressioncurve for all
fill levels was 1.1734%.

BASED ON THESE RESULTS, THE FOLLOWING CAN BE
CONCLUDED -

• The gauging response with LH,_ approaches a linear relationship
as predicted.

• It is seen that under dynamic fluid conditions, in which the

fluid ass,jmes (with time) ever changing positions within the

tank, the RF gauging technique on the average provides a very
good indication of mass.

I

! =
i
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• The January 1975 LH2 testing again demonstrated the
credibility of the RF gaugingtechniqueasapplied to LH2.

2.4 LIQUID OXYGEN TESTS- To augment the Phase B LOX loading and orientation test data,
FEBRUARY 3, 1975 additional LOX tests were performed in PhaseC. The RF sweep

speedusedin the February 3, 1975 LOX testswas30 milliseconds,
the same as that of the PhaseB LOX test. The PhaseB cryogenic
tank wasusedasthe test tank duringtesting.

2.4.1 LOX TEST PROCEDURES The test procedureswith LOX were similar to those usedwith LH2
ip that the test tank was filled to approximately 95% of capacity
with LOX and then both staticand dynamic orientation testingwas
performed at approximately 10% intervals of mass. Static and
Dynamicorientationsinvolvedthe followin9conditions:

A. STATIC ORIENTATION TESTS

• Tank positioned and fluid allowed to come to rest at each
positionprior to taking data.

• Massheldconstant.

• Data recordedat each15° incrementof orientation.

B. DVNAMIC ORIENTATION TESTS

• Continunusorientationof test tank backandforth (360°).

• Rateof rotation of tank approximately6° p_r second.

• Massheld constant.

• Datarecordedcontinuously.

2.4.2 LOX TEST RESULTS

2.4.2.1 WEIGHT To establish the mass ,_f LOX ir_ the ;est tank durir,,g e_¢h
DETERMINATION incrementalloadingand orientation test, it wasnecessaryto subtract

out the tare weight measuredwith the tank completelyempty and
the fill hosedisconnected.Although the majority of the tare weight

34
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was nulled out during calibration, a resiaual tare weighthad to be
subtractedfrom the recordeddata fo_ weight.Table 2-9 summarizes
the actual LOX weight incrementsat which the orientation tests
wereperforf.Jed.Note that th( vulume of the test tank iscapableof

containing2,243.16 poundsof LOX.

TABLE 2-9

ACTUAL MASS LOADING (LOX)

Scale Actual

Approx. Indication Tare Weight
Percent of Mass(Ave) Weight of LOX
Loading in Pounds in Pounds in Pounds

_, ,, -,

95 2124.90 5.87 2119.63
90 202.'2.72 " 2016.85
80 1801.42 " 1795.55
70 1577.10 "" 1571.23
60 1349.60 " 1343.73
50 1125.0(} " 1119.13
40 903.02 " 897.15
30 677.84 " 671.97
20 448.44 ' 442.5
10 227.96 ' 222.52
5 118.30 " 112.15
0 i0.20 " 4.33

2.4.2.20RIENTATIOI_ DATA-- The data from the dynamic orientation testingwith L('X was first
DYNAMIC examined by calculating the mean mode count obtained for all

orientations at each incremental ma_ loading. Table 2-10
summarizesthe mean mode count obtainedat eachmassincrement.

Figure2-18 containsa plot of the mean modecount versusp,,rcent
loading of LOX, illustratin£ the character;.._ticnon-linear Ioadinq
curve.

{

!
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TABLE 2-10

MEAN MODE COUNT AND ACTUAL MASS
AT INCREMENTAL LOADINGS OF LOX

LOX TESTS - FEBRUARY 3, 1975
m

Approx. Actual Mean
% Mass Mode

Loading (Pounds) Count

95 2119.03 370.21
90 2016.85 378.43
80 1795.55 413.31
70 1571.23 456.36
60 1343.73 482.81
50 1119.13 541,91
40 1897.15 612.30
30 671.97 703.92

i 20 442.5 835.25
10 222.52 1070.34
5 112.15 1351.04
0 4.33 1863.45

2.4.2.3 MULTI-SEGMENT NON- The data from the dynamic orientation testingwith LOX has been
LINEAR REGRESSION examined to obtain a nonlinear regressioncurve of mean mode
FiT (DYNAMIC) count. A polynomial fit of the curve was attempted. However, in

order to make the fit as closeas possible (thereby minimizing the
residuals) the LOX curve was divided into three polynoh_ial

segments. (This permits a relative comparison to LOX tests !
conductedin 1974). The curvesfor eachsegmentare of the form i

Y = /30+/31 X +/32 X2+/33X3 +/34X4 (14)

where
i

Y = mass |

X = modecount

/30""/34 arethe coefficientsof the regression
polynomial.
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Table 2-11 liststhe coefficientsfor the threesegments. !

TABLE 2-11

POLYNOMIAL COEFFICIENTS FOR LOX TEST
(DYNAMIC DATA - FEB. 3-6, 1975 TEST)

I

Segment MassRange(Ibs) _0 _1 /_2 f13 I /34 "

I 0-442.374 3126.64 -5.70493 0.364895E-02 -0.797773E-06 0.0 ,

II 442.574-1343.73 4396.60 -7.97184 0.134261E-02 0.600516E-05 -0.355725E-08

III 1343.7_2119.03 24035.0 -112.53 0.932768E-01 0.297610E-03 -0.434190E-06

r

)

From the multi-segmentpolynominal, a percent of point masserror
basedon deviationof n.eanmodecount from the polynominal can
becalculated.Tables2-12 thru 2-14 summarizethe masserror.

TABLE 2-12

SUMMARY OF POLYNOMINAL FIT-SEGMENT I

(DYNAMIC DATA - FEB. 3-6, 1975 TEST)

Actual Calculated % Error
Modes(Ave) Mass(Ibs) Mass(Ibs) of Point

1863.45 4.334 4.38184 -1.09
1351.04 112.434 112.146 0.257
1070.34 222.094 222.521 -0.192
835.25 442.574 442.390 0.0415

Mean Error for estimateof mass= 0.335022 Ibs
Coefficientof c3rrelation- 0.999999
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TABLE 2-13
• ! SUMMARY OF POLYNOMINAL FIT - SEGMENT II

(DYNAMIC DATA - FEB. 3-6, 1975 TEST)

• _ Actual Calculated % Error

; Modes (Ave) Ma_ (Ibs) Mass(Ibs) of Point
! !: ....

![! 835.25 442.5 442.699 -0.0282
• • 703.92 671.974 671.515 0.0683

612.30 897.154 897.340 -0.0207
:" 541.91 1119.13 1119.75 -0.0557

482.81 1343.73 1343.25 0.0356

"" Mean Error for estimate of mass= 0.483367 Ibs
Coefficient of correlation = 0.999999

_: TABLE 2-14

SUMMARY OF POLYNOMINAL FIT -SEGMENT III

i " (DYNAMIC DATA - FEB. 3-6, 1975 TEST)

Actual Calculated % Error

i_ Modes (Ave) Mass (Ibs) Mass (Ibs) of Point

482.81 1343.73 1349.07 -0.396
, 456 3_ 15"/'1.23 1560.11 0.713
_-. ai3.313 1795.55 1801.17 -0.312

378.43 2016.85 2032.28 -0.759
370.21 2119.03 2103.76 0.726

Mean Error fur estimate of mass= 13.6271 Ibs
Coefficient of Correlation - 0.999190

The percent mass error of full scale of the system can be arrived at !
for the dynamic testing by using the following: _i

i

% Error (of full scale)= Actual Mass- CalculatedMass X 100 (15)Full Tank Mass

i where full tank mass is 2,243.16 pounds of LO×, Table 2-15
summarizes the mass % error of full scale.
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TABLE 2-15

SUMMARY OF MASS% ERROR OF FULL SCALE

(DYNAMIC DATA - FEB. 3-6, 1975 TEST)

Approximate% %MassError
Loading Of Full Scale

0 0.00213271
5 0.01283878

10 0.01903573
20 0.00557250
30 0.02046695
40 0.00829344
50 0.02764481
60 0.02139752
70 0.49573451
80 0.25054467
90 0.68786597
95 0.68073702

Average 0.18602205

2.4.2.4 SINGLE-SEGMENT NON- In addition to the multi-segmentnon-linearpolynominalequationto
LINEAR REGRESSION fit the mean mode count versus mass data, a single-segment i

FIT non-linear regressioncurve was also calculated for the dynamic
orientation data. The single-segmentnon-linearregressioncurve is a

four (4) degreepolynominalof the form: _.

y = /30+/31X+G2X2+/33X3+#4X4 (16)

: where

Y = mass
: X = modecount

/30"' _4 arethe coefficientsof the regression
polynomial.

b

I
I
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: Thesecoefficientsare:

/_0= 6762.44

/_1= -19.3573

/_2= 0.221144E-01

/_3= -0.114314E-04

/34= 0.219705E-08

It is noted that the coefficient of correlation for the single-segment
polynominal fit is 0.999401. A summary of the single-segment
polynominalfit isshown in Table 2-16.

• " This singlesegmentpolynomial f;t servesto illustrateone potential
meansof usingthe detectedmodecount to establishmass.It isnoted

' that the multi-segment polynomial naturally provided a better
• " correlationto actualmass.In eithercase,the masserrorsare low.

2.4.2.5 MASS ERROR - A percent masserror of the g_ugingsystemcan also be arrivedat
; STATISTICAL ANALYSIS usingthe standarddeviation of the mode count. This wasdone by

usingthe + 1 o distributionin mode count in conjunctionwith the

; calculated linear regressionequationsto calculatemasserror. Recall
that in calculating the best fit non-linearregressioncurve for LOX,
two solutions were presented. These solutions were first, a
multi-segment polynomial equation, and second,a single-segment
polynomial equation. Using the coefficients for each of the
equaticns,massmay becalculatedfrom the +o indicationsof mode
count. From theseresultsthe percent masserror of full scalefor the
systemisthencalculatedas:

Actual Mass- CalculatedMass
% error= X 100%. (17)

Full Tank Mass

Tables2-17 and 2-18 showthe masserror summariesof percent fill
versuserror for the multi-segmentand the single-segmentnon.linear
regressioncurves.It is noted that with the multi-segmentnon-linear

!' 41
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TABLE 2-18

MASS ERROR BASED ON STANDARD DEVIATION OF MODE COUNT
AS CALCULATED FROM SINGLE SEGMENT POLYNOMINAL EQUATION

| i ,.

r
APPROX MEAN STANDARD MODE ACTUAL CALCULATED MASSeA
% FILL MODE COUNT DEVIATION COUNT +o MASS(LBS) P,,.';ASS ERROF

0 1866.54 9.95 1876,49 4.334 16.059 -0,523
1856.59 -1.202 0,246

5 1351.04 14.50 1365.54 112,434 97.325 0,674
1336.54 112.621 -0.008

10 1070.34 10.88 1081.22 222.094 238.943 -0.751
1059.46 250.474 -1.265

20 835.25 9.42 844.67 442.57 419.116 1.046
825.83 442.095 0.021

30 703.92 8.89 712.81 6"/1,94 627.648 1.975
695.03 665.908 0.269

40 612.30 10.12 622.42 897.15 854.625 1.896
602.18 917.703 -0.916

"I '''

50 541.78 11,70 553.48 1119.13 1091.038 1.252
530.08 1186.149 -2.988

60 482.83 10.87 493.70 1343.73 1350.831 -0.316
471.96 1459.723 -5.171

70 456.36 14.19 470.55 1571.23 1467.069 4.644
442.17 1622.636 -2.292

i

80 413.31 12.28 425.59 1795.55 lY20.557 3,343
401.03 1875.680 -3.572

,,i , ,

gO 378.43 11.37 389.80 2016.85 1950.781 2.945
367.06 2111.229 -4.208!

i , ,

95 370.21 8.49 378.70 2119.03 2027.676 4.073 '
361.72 2150.582 -1.407 i

!
L,. ..... !

J

i
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regressionsolution, the averagemass % error bassedon standard
deviation of mode count from the 0 thru 50% LOX loading is
0.685% and from the 0 thru 100% LOX loading it is 1.81%.
Similarly, in the case of the single-segmentnon-linear regression
solution, the averagemass% error basedon standarddeviation of
mode count from the 0 thru 50% LOX loadingis 0.988% and from
the 0 thru 100% LOX loadingit is 1.91%. Plotsof eachrespective+o
error areshownin Figures2-19 and2-20.

2.4.2.6 DATA DISTRIBUTION The questionof the distributionof the modecountsat eachfill level
TEST during the dynamic LOX orientation testinghas beenexam!ned by

applicationof the Kolmogorov-Smirnovtestsfor normaldistribution
and uniformity. Table 2-19 summarizes the results of the
Kolmogorov-Smirnovtestsfor normaldistributionanduniformity at
each incrementallevelof LOY. It is significantto notethat the data
doesapproacha normal distribution. (Testingfor a bivariatenormal
is nr_ applicable,since modecount is univariatestatistic.) It is also
notedthat the distributionis not uniform inthe statisticalsense.

TABLE 2-19
KOLMOGOROV-SMI RNOV TEST FOR

NORMAL DISTRIBUTION AND UNIFORMITY
DYNAMIC LOX ORIENTATION DATA)

TEST FOR NORMAL TEST FOR UNIFORMITY

% TEST P(ACCPT/ TEST P(ACCPT/
LOADING STATISTIC NULL TRUE) STATISTIC NULL TRUE

95 0.68845 0,7304E00 1.35405 0.5111E-01
90 0.65102 0.7904 E00 1.90000 0,1464 E-02
80 0.61244 0.8474E00 2.30648 0,4786E-04
70 0.56843 0.9031E00 2.43134 0,1466E-04
60 0.55123 0.9216E00 2.29148 0.5496E-04
50 0.74718 0.6319E00 3.05324 0.0000E00
40 0.63296 0.8179E00 2.43019 0.1478E-04
30 1.05544 0.2152E00 1.20769 0.1082E00
20 0.74958 0.6279E00 3.10000 0.0000E00
10 0.82460 0.5047 E00 2.03158 0.5201E-03

5 0.68440 0.7370E00 1.32295 0.6037E-01
0 C.67532 0.7518E00 1.72866 0.5075 E-02

r -

L
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' 2.4.2.7 COMPUTER GENERATED Computer plots of the data from the February3, 1975, LOX tests
I PLOTS havebeenmadeof the following:

• Frequencyof occurencevs.modecount at eachmassincrement
(DYNAMIC).

• Mode count vs. orientation angle at each mass increment
(DYNAMIC).

• Frequencyo. occurencevs.modecount at each massincrement
(STATIC).

• Mode count vs. orientation atwgleat each mass increment
(STATIC).

Theseplots are presentedin Appendix Bof thisreport.

2.4.2.8 SUMMARY - LOX TEST From the _lataobtained with LOX usingthe breadboardRF mode
RESULTS, FEBRUARY 3, countingsystem,the followingwasobse,'ved:
1975

• The meaLJmode count vs. mass loading responsewa; the
characteristicnon-linearfunction anticipatedwith LOX.

• The average mass error using a multi-segment polynomial
equation of calculated mass knowing meal= mode count wa_
0.1860 percentof full scale.

• Calculationsof masserror basedon the standarddeviationof

modecount distribution at each incrementof massandusinga
multi-segmentpolynomial equation to caic_datemass,resulted
in an averagemasspercenterrorfrom 0 thru 50% LOX Ioadings
of 0.685% andfrom 0 thru 100% |.OX loadingof 1.81%.

• A single-segmentpolynomial equationcould be usedto define
the loading responsecurve. The averagemass error usingthis
polynomial equation to c_lculatemass knowing mean mode
count was0.8576 percentof full scale.

• Calculationsof masserror basedon the standarddeviationof
modecount distribution at eachincrementof mass,andusinga
single-segmentpolynomial to calculate mass, resulted in an
everagemass percent error from 0 thru 50% LOX Ioadingsof
0.988% andfl'om 0 thru 100% LOX Ioadingsof 1.91%.

[
.J

= J.i
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• It iS significant to note that the di3tribution of the mode count

data at e-_.h fill level during dytdamic LOX orientation testing
does approach a statistical normal distribution.

• ' Basedon these resu;is, the following can ;meconcluded:

• The gauging response with LOX fits a non-linear polynomial

• " function aspredicted.

• The February 3, 1C;75 LOX testing again demonstrated the

credibility of the RF gaugingt_hnique asapplied to LOX.

2.5 LIQUID OXYGEN TESTS - To supplement the February 3, 1975 LOX loading and orientation

FERRUARY 10, 1975 tests a second set of LOX tests were performed, wherein basic test

parameter w_r_. left unchanged except for the RF sweep speed. This
was slowed down from 30 milliseconds to 300 milliseconds. The R C

time constants in the RF mode-counting processor were adjusted to

permit the processingof the resultirlg lower frequency mode pattern.

2.5.1 LOX TEST PROCEDURES Test procedures for the February 10, 1975 LOX testing were
identical to those of February 3, 1975, asdefinP.d in section 2.4.1. It

included a loading to approximately 95% and both static and
dynamic orientation testing at incremental LOX mass loading.

2.5.2 LOX TEST RESULTS

2.5.2.1 WEIGHT As in the previous tests, to ostablish the massof LO;( anthe test tank

DETE RMI NATION during each incremental loading and orientation test, it was necessary
to subtra_:t out the tare weight measured with the tank completely

empty and the fill hose disconnected Table 220 summarizes the
actual LOX weight increments at which the orientation tests were

performed

. 1
.... ,=.J '
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TABLE 2-20
ACTUAL MAS3 LOADING (LOX)

Approx. ScaleIndication Actual Weight
Percent of Mass(Av_) Tare Weight of LOX

Loading in pounds i in Pounds in Pounds

95 2173.74 6.6 2167.14
90 1982.28 " 1975.68
b0 1800._,2 " 1793.62
70 1579.34 " 1572.74
60 1353,18 " 1346.58
50 1128.32 " 1121.72
40 901.60 " 895.00
30 677.52 " 670.92
20 450.92 " 444.32
10 23;.26 " 224.66
5 119.04 " 112.44
0 9.90 " 3.30

2.5.2.20RIFNTATION DATA- The mean mode count obtained for all orientations at each

U (NAMIC incrementalmass loading is summarizedin Table 2-21. Figure 2-21
containsa plot of the mean mode count versuspercent loadingof
LOX. It is noted when comparedto Figure2-18, that the detected
mode count is lower at the empty and low LOX quantitiessincea
majority of the mode ringingwas eliminated by going to a c!ower
sweep speed. However, with the readjustmentof the R-C tin,°
constantsin the modeprocessor,a higherdetected modecount was
obtainedas the LOX massloadingapproachedthe full tank. The net
result was a loadingcurvewhose sensitivity(A modes/Amass)was
smallerthan that of the February3, 1975 LOX tests.

g0
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Ix,) MEAN MODE COUNT VS. MASS

LIQUID OXYGEN TEST

DATE: 2110175

: )11oo TANK CAPACITY: 2243 LBSOF LOX

,.°

i % f-tLL

! _. B§461.548
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i Figure2-21
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TABLE 2-21

MEAN MODE COUNT AND ACTUAL MASS

AT INCREMENTAL LOADINGS OF LOX
LOX TESTS- FEBRUARY 10, 1975

APPROX. ACTUAL MEAN
% MASS MODE

=_ LOADING (POUNDS) COUNT

95 473.20 2167.14
90 487.70 1975.68
80 514.87 1793,62
70 555.42 1572.74
60 599.49 1346.58
50 655.22 1121.72
40 720.20 895.00
30 811.90 670.92
20 941.03 444.32
13 1119.66 224.66
5 1257.54 112.44
0 1501.82 3.30

2.5.2.3 MULTI-SEGMENT NON- Usingthe averagemode count data obtained during the dynamic
L.INEAR REGRESSION orientation testing in conjunction with the measuredactual mass

- FIT (DYNAMIC) figures for each incrementalloading of LOX, a be_t fit non-linear *
regressioncurvewascalculated For comparativepurposes,the data
was first fitted to a multi-segmentednon-linear regressioncurve.
Table 2-22 lists the polynominal coefficients for each respective
segment, and Table 2-23 contains a summCn/of this segmented
polynomial fit, illustrating mass error based on use of the
polynomial.
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TABLE 2-22

POLYNOMIAL COEFFICIENTS FOR SEGMENTED FIT

TO LOX DYNAMIC TEST DATA - FEBRUARY 10-12, 1975

Segment MassRange(Lbs) /30 ! /]1 /]2
/]3 /]4

W

I 0- 670.92 3667.25 - 5.48169 0.2169E-02 0.2088E-06 0.0703E-09

II 670.92-1572.74 6825.79 -14.1089 0.906E-02 -0.125E-05 --

III 1572.74-2167,14 20455.2 -70.2051 0.748E-01 -0.1729E-04 --

TABLE 2-23

SUMMARY OF MULTI-SEGMENT POLYNOMIAL FIT
(DYNAMIC LOX DATA - FEB. 10-12, 1975)

I
ACTUAL MASS CALCULATED MASS %ERROR %ERROR

SEGMENT MODES(AVG) (LBS) (LBS) OF POINT OF FULL SCALE

1501.82 3.3 3.27393 0.796 0.0012
I 1257.54 112.44 112.785 -0.306 0.0154

11 ! 9.66 224.66 223.890 0.344 0.0344
941.03 444.32 445.132 -0.182 0.0362

811.90 670.92 671.217 -0.0442 0.0132
II 720.20 895.000 895.052 -0.00578 0.0023

655.22 1121.72 1117.94 0.338 0.1685
599.49 1346.58 1353.36 -0.501 0.3023

555.42 1572.74 ; 575.58 -0.180 0.1266
III 514.87 1793.62 1778.66 0.841 0.1266

487.7 1975.68 2002.77 -1.35 1.2077
473.20 2167.1'4 2152.16 0.696 0.6678

AVERAGE 0.2702
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; 2.5.2.4 SINGLE-SEGMENT The samedata was also fitte_ to a singlesegmentpolynomial. The ,
NON-LI NEAR coefficientsof this polynomialare:
REGRESSION FIT

(D YNAMIC) _0 = 10304.1

/31= -30.8922

(]2 = 0,379101E-01

_3 = -0.216717E-04

_4 = 0,471736E-08.

A summary of this polynomial fit is given in Table 2-24. The
coefficient of correlation for this .nolynomial fit is 0.999606.

2.5.2.5 SUMMARY - LOX TEST From the data obtained with LOX usingthe breadboardRF mode
RESULTS, FEBRUARY countingsystem,the followingwasobservedduringthe February10,
10, 1975 1975 LOX te_s:

; • Changingthe RF sweepspeed and R-C time constantsin the
mode count processorwill, asexpected,affect the detected RF
mode count. Optimization of theseparametersis important.

• The average mass error (of full scale) using a best-fit
multi-segmentpolynomialequation to calculatedmassknowing
meanmode fount was0.2702 percent.

• The average mass error (of full scale) using a best-fit
single-segmentpolynomial equation to calculatemassknowing
meanmodecountwas 0.5790 percent.
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3.0 EMPTY TANK ORIENTATION In the March 1974, LH2 tests, it was noted that the RF sy._tem
SENSITIVITY output exhibited some sensitivity to orientation of the test tank even

when the tank was completely empty. This indicated that either the

breadboarded RF signal processing electronics, the RF sweep

oscillator, or the test tank was causing the variations. An

examination of each of these parts of the test system was then
conducted to ascertain the cause and to ehminate it.

3.1 CAUSE OF EMPTY TANK Initial examination and test of the RF signal processing electronics

ORIENTATION SENSITIVITY and RF sweep generator indicated both were not significantly
sensitive to orientation position. Orientation tests were then

performed with the empty test tank utilizing the output of each
respective RF probe element of the multi-element probe assembly,

and also with all four probe elements operating sequentially. In each
case,thetest tank was pressurized with 0, 10, 20 and finally 30 psig

using N2 gas. X-Y plots of mode count versusangular position of the
test tank for each combination are shown in Figures 3-1 thru 3-5.

=' From these plots it was evident that:

• The mode count decreased when the ta_k was pressurized for

all anglesof orientation.

• For individual antennas there was a variance in mode count for

different angles of orientation.

• In each plot it can be seen that the mode count dropped

drastically when the tank was pressurized to 30 psi and the

orientation angle was approximately +90 °. This position

corresponds to the probe assembly and hatch of the tank being

straight up.

• There was also a marked drop in mode count at an orie,_tation

angle of -90° when the tank was pressurized to 30 psi.

Observations of the mode pattern as the test tank was pressurized

indicated that the modes tended to merge together as pressure was
applied. This indicated that the Q of the system was apparently

decreasing as pr=_sure was applied. An illustration of a segment of
the mode pattern under conditions of 0 psig and 30 psig is shown in

Figure 3-6.
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Figure3-2
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Figure 3-6

MODE PATTERN CHANGE WITH LOW PRESSURE

From these results it was apparent that the problem was due to

mechanical changes in the antenna structure or in the tank itself. To

ascertain the nature of this problem, it was necessary to releasethe
vacuum between the inner pressurevesseland the outer, ;sel,and to

remove the outer vessel access cover (P/N 1626829). At.._-Y plot of
the RF mode count vs. orientation without the cover w_s made. The

tapk was oriented back and forth while pressurized with various

increments of pressure ranging from 0 to 30 psig. Nitrogen gas was
used as a pressurant. F,!-'qre 3-7 shows the test results, indicating a
variation in mode count of up to 50 modes out of 1360 modes

nominal for the empty tank.

Since the variation in mode count could be induced by pressurization

of the tank, it was suspec{ed that the oressure vessel closure and
probe assembly P/N 1627189 (Figure 3-8) was ,,,o;;,=4 relative to the

pressure vessel fittin0 P/N 1626821 (Figure 3-9). Since the antenna
elements are all mounted on the pressure vessel closure and probe

assembly, the density of RF surface currents is relatively h;gh in the

areasaround the mating threads of the clo_ure. An opening or closing

of the gap between mating threads as pressure was applied or
removed could change the effective resistivity at the threaded area,

and hence change the Q of the tank. Th=s would appcar as a change
in the mode count. To veri_ if the threaded closure was indeed the

problem, two tests were performed. The first involved the

pressurization of the test tank =rom 0 to 45 psig whil9 in a vertical

position as shown in Fi§=.'p 3-10. Figure 3-11 shows an X-Y plot of
RF mode count vs. pressure. Note that the total excursion in mode

count was apDro×imately 75 modes. The same test was then repeated

but in this case an external forc_ was applied to the center of the

e2
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I_ressurevesselclosureandprobeassemblyP/N 1627189. Applyinga
sufficient outside force at this position should tend to partially
restrict motion due to changesin pressure.Figure 3-12 showsthe
fixture which was used to apply the outside counter-force. This
fixture consistedof a donut shapedspacerand a thick plate cover
which were bolted to the outervesselhatch. In the centerof the flat

plate a large bolt was screwedinto a matingthreaded hole. Figure
3-13 showsthe fixture mountedon the tank. The counter-forcewas

3pplied by advancingthe volt. Figure3-14 showsthe X-Y plot of the
RF modecount vs.pressurewith the fixture inplace. In this casethe
modp count changedby only 30 modes.Thesetest resultsindicate
that the empty tank orientation and pressurizationproblem was
indeedd Jeto a relativemovementbetweenthe matingthreadsof the
accesshatchof the pressurevessel.

3.2 CRYOGENIC TANK Since pressurevariations and orientation of the test tank are a
RE-WORK normal part of the testing with cryogens,an attempt was madeto

correct the empty tank orientation sensitiv;ty problem by
elimination of the threadedfitting. First the pressurevesselclosure
and probeassem01y,P/N 1627189; wasremovedfrom the te_t tank
and altered by removing the threaded section.Then the pressure
vesselfitting, P/N 1626821, wasalteredby machiningitsthreadsoff.
Adapterringswerefabricatedandusedto adaptandsecurethe probe
structure to the pre_,surevesselby welding. Figure 3-15 showsthe
adapter rings andprobe assembly.The inner ringwas bolted to the
probeassembly,then inner ring,andfinally the assemblywaswelded
to the pressurevesselfittir.g. The welded vesselclosureand probe
assemblyis shownin Figure3-16. The coolingtube shownin Figure
3-16 was usedto keep _e back part of the fitting cool enoughto
preventdamageto the nylon suspensionstraps.

An X-Y plot of the RF modecount vs.orientationwithout the outer
cover was made. The tank was oriented back and forth while

pre;surizedwith variousincrementsof pressurerangingfrom 0 to 45
psig. Nitrogen gaswas used as a pressurant.Figure3-17 showsthe
test results,indicatinga variation in modecount of only 15 mooes
cut of 1392 modes,nominalfor the empty tank, andapproachesthe
variance in mode count attributed to variations in RF sweep
oscillator and mode processingaccuracy. This compares to a
variation of approximately 75 modes noted prior to this

68
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Figure3-15
ADAPTER RINGS AND PROBE ASSEMBLY

modification.

To further demonstratethe improvement madeby modification, two
other testswere performed.The first involvedthe pressurizationof
the test tank from 0 to 50 psig while in a vertical position. "the

: resultsare shown in the X-Y plot of RF modecount vs.pressureof

Figure 3-18. Note that the total excursion in mode count was
approximate;y 13 modes.The secondtest wasthe sameas the first
except pressurizationof the test tank was from 0 to 100 Ibs• as
shown in Figure 3-19. Note that the total excursionin mode count
was approximately 18 modes• This represents a significant
improvement over the magnitude of variations seen prior to the
modification. After leak checkingthe welded areasthe outer vessel
hatch coverwas replaced and the spacebetweenthe inner pressure
vesseland the outer vacuumshieldwas evacuatedin preparationfor

the January3, 1975 LH2 tests.

. 3.3 CONCLUSIONS FROM EMPTY The problems experienced with the empty cryogenic test tank
TANK ORIENTATION involvinga large mode count variancewith pressureor orientation
SENSITIVITY EVALUATION was attributed to the effectsof intermittentcontactsin the threaded

71
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joint used to secure the probe ¢.tructure at the pressurevesselaccess
hatch. Since the size of the threaded joint (diameter of 0.296 meter)

in relation to the size of the pressure vessel (diameter of 0.914

meter) was significant, the presence o'_ the intermittent joint was

vew detrimental to gauging system performar, ce as noted by
sensitivity to prp.ssureand orientation. The basic premise of a cavity

whose dim=,nsions are very Parge compared with the largest

wavelength _eadsto the conclusion that changes of cavity shape or

position of internal objects that do not alter the net volume of the
cavity cannot affect the mode count. Therefore, rigidity (of a probe

and the like) should not have to be maintained, in principle. Any

detrimental effects caused by relative mGtion between parts such as

the large threaded sections which were used to secure the probe
assembly in the cryogenic test tank would be caused by the effects of

the intermittent nature of the contacts of the mating threaoed parts.
Threaded joints are quite Icssy at microwave freouencies, and even

when the fit appears tight, contact may be occurring at a few well

separated points. From this the following is concluded:

• Threaded joints should categorically be avoided unless the
circumference of one turn of the thread is a very small fraction

of the smallest wavelength.

• When ac;ess hatches are necessary, a "biting edge" contact

design, with pressure applied _t a multiplicity of point.% is
recommended.

• The rework of tne cryogenic test tank did eliminate a majority

of the; empty tank orientation sensitivity problem. The

magnitude of the mode count variations after rework of the
tank was considered acceptable. Due to the physical complexity

of the cryogenic test tank, further efforts to reduce sensitivity
were not presently considered feasible.
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4 0 CONFIGURATION, To provide an additional understanding of the need for multiple RF
MULTIPLE ._,NTENNA, probe element._ in conjunction with internal tank perturbation.% a

AND PRESSURE small cylindrical tank with protruding hemispherical ends, and a
EVALUATIONS small spherical tank were fabricated and tested with RP-1 as a test

: fluid. The spherical tank was dlso used to test for the effects of

pressure on the RF gauging system. The following paragraphs
describe the test hardware, procedures, and results obtained in these
tests.

-:_ _.YLINDRICALTANK To evaluate internal perturbation effects, it was necessary to

EVALL_ATIONS fabricate a simple non-cryogenic test tank in wh;ch full access to its
interior would be possible since modifications, i.e., the _dr3ition of

perturbations would be requ,,ed. As a result, the tank was de._igned

to split into two sections. 5"ealing to contain liquid at pressure

ranging from 0 - 20 psig was accomplished by the use of a neoprene
O-ring type seal that circumscribed the entire di=meter of the tank. A

shallow "biting" edge wa_ incorporated in the r,lating flanges that

reteined the 0-rlng to assure that the inner surfaces of the tank would

ma!ntain good electrical continuity at the separation point. The tanP
has an internal volume of 0.8724 cubic meters (230.5 gallons). Small

threaded bosses_,) accomodate the RP-1 fill and vent lines, and up to

four RF probe e,aments were incorporated in th_ tank walls Figure

4-1 is a Dhot(, of one of the monopole probus used during the tests.

This monopole has a teflon radome approxima_.ely 4.5 inches long
and reaches intn the tank a maximum of 7.0 inches. Also used were

two Ioop probes. The Io_,p probes were dimension&lly the same as

the monopoles, the r,_ly differences being the shap_ nf the respective
radiating elements inside the teflon ra(_orne.

Figure 4-2 and 4-3 show the completed test tank as adapted to the

gimballing fixture that was used with the Phase _ cryogenic test
tank.

Testing with the cylindrical tank involved:

• Empty tank evaluations with no internal perturbations.

• RP-1 evaluations with n_ internal perturbations

• Empty tank evaluations with internal perturbations.
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Figure 4-3
CYLINDRICAl_ RP-1TEST TANK

• RP-I evaluations with internal perturbations.

For the tests involvinq the tank configuration that included internal

perturbations, a number of V2-inch diameter aluminum rods were

randomly placed in each half of the test cavity as illustrated bv one

of the halves shown in Figure 4-4.

The following paragraphs summarize the tests performed w,th the

cylindrical test tank.

4.1.1 STRIP CH,_RT DATA As a part of the multi-probe evalu_,=on, a series of st, ip chart

recordings of the resonant characteristics of the 33 inch diameter

cylindrical tank were taken with various combinations of monopole

a.:d loop probe elements. These tests were conducted w_th the

cylindrical tank configured without and with internal perturbations.

During the testing the unused probe ports =n the tank were plu3ged,

and when a strip chart recording of a resonant mode patto.rn was
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Figure 4-4
PERTURBATIONS IN CYLIDRICAL RP-1

TEST TANK

taken from a given _.Fprobe, other RF probes were terminated with

short circuits to simulate a multiplexing arrangement which used, in
diode switching. A hand count of a strip chart recording provided a
precise indication of the number of resonant modes which were

detectable and also provided a permanent recording of the nature of
that mode pattern. Table 4-1 shows a summation of the mode count

for each probe combination where perturbatio,_s were not present in

the test tank, and the hF frequency was swept from 1.0 to 2.0 GHz.

l_he tank was c_mpietel_ empty, it is noted thaL, ;,-, general, the

monopole probes are more effective Jr,that they couple _o a larger

number of modes. Also, it is clear that as the number of probes in
the tank increases, the lower the detectable n,'mber of modes. This
reduction in the detec,able mode count is a result of an additional

lowering of _he system 0 with each additional RF probe (can be
viewed as an additional effective parallel impedance added to the

system).

It was noted from the strip charts that the distribution of the modes

with frequency appears more uniform as a larger number of probes is

80
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placed in the tank, altho':gh in general the higher the numberof
probes,the lower tae mode count.

TABLE 4-1
MODE COUNT FOR COMBINATIONS OF RF PROBES

FROM STRIP CHART DATA, CYLINDRICAL TANK, 1.0-2.0 GHz
NO PERTURBATIONS

STRIP CHART

FROBE T_KEN FROM
COMBINATION PORT#2 PORT#1 PORT#3 PORT #4

NUMBER TYPE MODE
PROBE ICOUNT

I •
1 Monopole I 1386 Plug Plug Plug

2 Monr,pcle 1,_14 Mcnop__l- Piug Plug

3 Monopole 1372 Monopole Monopole Plug

4 Monopole 1354 Monopolel Monopole Monopole

5 Monopole 1400 MonopoleI Loop Loop

6 Loop 1298 Monopole Monopole Loop

7 Loop 1300 Plug Plug Plug

A seriesof strip chart recordingsof the resonantcharacteristicsof
the 33-inch diameter tank with perturbationswere then taken with

• the samecombinationsof monopoleand loop probes.In thesetests,
unusedprobe ports in th ; tank wereagainplugged,andwhen a strip
chart recording,of a resonantmode pattern wastaken fr(,m a given
RF probe, other RF probeswere terminated with shortcircuits to
simulatea multiplexingarrangementwhichusedpin diodeswitching.
A hand count of a strip chart recordingwasthen performed. Table
4-2 showsthe modecountsobtainedfor eachcombinationwherethe

RF wasswept from 1.0 to 2.0 GHz. The tank did not contain any
RP-1. It wasnotedthat the mo_=.count washighersincethe addition
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of the perturbations. It was reasoned that the addition of the --

perturbations "Ic-ought out" many of the degeneraLemodes such
that they could be c3unt_-d. This seemsto be the caseasnoted from
the overall distriLaJtionof modesrecc-.-ledo., _hestrip charts. In the
unperturbedcases,the frequencydisLributionsof modesare seento
be concentrated in groupsor clusters. In the perturbed case the
frequency distribution is seen to be more uniform, and it is also
noted that asthe numberof probesin the tank increases,the hi,tuber
of deter.tablemodesdecreases.

TABLE -_2

MODE COUNT FOR COMBINATIONS OF RF PROBESFROM STRIP

CHART DATA, C"LINDRICAL TANK WITH PERTURBATIONS,
1.0-2.0 GHz WITH PERTURBATIONS

STRIP

PROBE TAKEN FROM
_;OMBINATIONI PORT#2 PORT#1 PORT#3 PORT#4

NUMBER TYPE MODE
PROBE COUNT

i i =

1 Monopole 1664 Plug Plug Plug

2 Monopole 1566 Monopole Plug Plug

3 Monopole 1521 Monopole Monopole! Plug

4 Monopole 1449 Monopole Monopolei Monopoie

5 Monopole 1483 Monopole Loop Loop

6 Loop 1443 Monopole Monopole Loop

7 Loop 1633 Plug Plug Plug
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4.1.2 Q MEASUREMENTS To obtain a relative figure for the averagequatity factor of the
" number of modes were examined to determine the respectiveO
,. values. This was done for combinationsof RF probes with the

unperturbed tank and also using a monopole probe after the
" " perturbationswereaddedto the tank.

4.1.2.1 Q MEASUREMENT Th_ basictest setupusedfor determiningQ isshownin Figure4-5. A
TECHNIQUE network analyzerwith a phase/gainindicator (HP 8413A phase/gain

indicator) isusedin thesemeasurements.

SIGNAL FREQUENCY
• " SOURCE COUNTER

NETWCr_K

"_--_ 10 db ANALYZER_JPAD W/841 3A

I TESTJ I TESTI--

TO ANT
• . IN TANK

Figure 4-5
Q MEASUREMENT TEST _I_TUP

The (3 measurementapproachisdetailed in the followingsteps:

1) Set frequency to areaof interest.

2) Placeshort on output of refl. testunit,

3) Set 8413A to 0 (centerscale)on mostsensitiverange(3db) by
varyingamplitudecontrolsof main frame.

i
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4) Removeshortandconnectantennato refl. testunit.
i

5) Adjust the signal source thru resonance.(Resonanceoccursat

furthest left meter deflection). Note reading at resonancein i
DB; this is L0. . •

6) CalculatePO(Resonantreflectioncoefficient)

1
P0 = (18)

log"1(.05 X LO)

7) CalculateSOtVSWR at re,_nance)

1 + P0 (19)
S0 = 1 -p0

NOTE: To include the effect of coupling losses(probes,
cables,etc.) on Q it is necessaryto measureVSWR at
pointsrerrovedfrom resonance.

' 8) Changegeneratorfreq. in either direction slightly until further
changemakeslit+leor no differencein meter readir.a.

9) Note return loss 9B at this point. This isL 1.

1
101 CalculatePl = (20)

log-1 (.05 L1)

l+p 1

11) CalculateS1 =I.--T_-1 (21)

12) The VSWR occuringat the half power (3 db) points is then
calculated:

(S0+ 1)(S1 + 1)V/_+ V/(S0.112 (S1 +112+1S0+1121S1-112'
Svl = r _ (2?'

(So+ 1)(S1 +llv/_ - %/(S0-1121S1+112+1S0+1121S1-112
a -b

NOTE: This equation isof the form a_

84
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where:
• =

_, __ a = (So+ 1)(S1 _ 1),_'_. (23)

• " _nd

b =j(So-1)2(S 1 + 1)2+ (SO+ 1)2($1 - 1)2 L (24)

S½-1
13) CalculateP'/2=-- • (25)

Sy+1

14) CalculateL½ (LossinDB athalfpowerpoints)

1
log --

, PY= (26)

• LI_ = .05

• " 15) Vary freq. either sideof fo until meter readsL1/2.

16) Record fl and f2' the frequencieswhore this occurs.

then:

fo
QL = -- (27)

L_f

(1 +S0)(1 + $1)1
QO= QL ...... 1/-I (29)L2 So+ SoS 1 +

Qoo '(!+ (29)

L 1+ SI

where:

QL isthe Q of completesystem

" 1
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QO is Q of everything in cavity

Oo0 is O of cavity excluding coupling loses.

This procedure was applied to the empty test tank under three

separate configureations:

• First, measuring Q at port number 4 which contained a
monopole P..F probe; the other three ports contained monopole

RF probes with open circuited output.

• Second, measuring Q at port number 2 which contained a

monopole RF probe; each of the other ports was plugged.

• Finally, measuring Q at port number 2 which contained a loop

RF prob, each of the other ports contained a monopole RF

probe with open circuited outputs.

4.1.2.2 Q MEASUREMENT Table 4-3 summarizes the Q measurement results for the

RESULTS un-perturhed tank at selected frequencies using the outlined Q

measurement technique along with several measurements using the
impedance technique previously used. It is seen that there is a fair

agreement between the two Q measurement techniques. It is noted

that the average System Q of Configuration III (loop type probe) is

Icwer than that of Configuration I (monopole type probe).

To obtain a relative figure for the average quality factor of the

cylindrical test tank containing the aluminum perturbations, a
number of modes were examined to determine the respective Q
values. The measurement techniqLe was the same as L:s__Jwhen

measurements were taken without the perturbations. Measurements

were taken at port number 2 which contained a monopole RF probe;
each of the other ports was plugged. Table 4-4 summarizes the O
measurement results.

In the first tests involving the single monopole probe and no

perturbations in the tank, the average values for QL' QO' and QOc
were

QL = 3.75 x 104

36
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Q0 = 5.18 x 104

Q00 = 1.13 x 105

From these measurementsit is reasonedthat }.,le addition of the

aluminum rods inthe cylindricaltest tank did not reducethe average
Q values. However, a word of caution is appropriate. Ideally, to

establishthe averagevaluesfor QL' Q0' and Q00 one would like to
measurea largenumberof modes.

With the monopole probes, a majority of the modes are
undercoupled, a number of them are overcoupled, and a few
approachcritical coupling.With the Q measurementtechniqueused,
the greatest accura.,p ;s obtained when measuringovercoupled
modes.To make a large numbarof Q measurementsand to include
all three casesof coupling is not practical with the available
equipment. As a result, these Q measurement results can be
considered..qly as"relative" indicationsof Q.

TABLE 4-4

Q MEASUREMENT DATA - EMPTY CYLINDRICAL TANK
(WITH PERTURBATIONS, SINGLE MONOPOLE PROBE)

MODE FREQ. SYSTEM Q QOF CAVITY Q OF CAVITY- NO

f0 (GHz) QL Q0 COUPLING LOSSQ00

1.763962 1.23 x 104 1.88 x J04 2.23 x 104

1.7665059 1.18 x 104 1.41 x 104 5.10 x 104

1.911863 5.17 x 104 6.83 x 104 1.36 x 105

1.913077 8.70 x 104 1.05 x 105 1.55 x 105

1.9142262 5.17x 104 6.76x 104 1.00x 105

1.964133 1.23 x 104 1.29 x 104 7.51 x 104

AVERAGES 3.78 x 104 4.78 x 104 8.99 x 104

88
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4.1.3 VSWR DATA As a further examination of the samplinc of the modes in the empty
cylindrical test tank, the VSWR at resonanceand far from resonanc;
can 5e examined. Table 4-5 summarizesthe VSWR data taken for

severalresonantmodes,as obtained in the unperturbedcylindrical
tank. It is noted that for eachconfigurationthe cout_linglossfactor
issimilarandthat ingeneralthe averageis0.727.

Likewise, for the cylindrical test tank after the a!uminum
i_erturbationswere add"d, at a number of resonant modes, the
VSWR at resonanceand far from rescnancewa._ examinedusing3
single monopole probp. Table 4-6 summarize_this data. It is noted
that the averagecoupling loss factor is 0.752. The a' _ragefor the
singlemonopolewithout perturbationin the tank was0.709, which
is not significantly different consideringthe size of the sampleand
the fact that it is not possibleto be 100% certain that the iden_*ical
modesweremeasured.

4.1.4 RP-1FUEL PROPERTIES The available RP-1 for performing tests was found to I:u
contaminated with water and small solid particles. As a result,the
barrelsof RP-1 were set asideto permit the bulk of waterand heavy
particles to settle to the bottom. The RP-I was .*hensiphonedoff
and continuously cycled through filtering and drying equipment.
After completion of this cleaning process,measurer,_entof the
dielectric constant and the losstangentof the RP-1 was made to
assurethat the water and other ,...Jr;taminationwereindeed_emoved.

In order to o'tain the dielectric constantc', the real part of the
complex permittivity, and the loss tangent 6, the ratio of the
imaginaryand real parts of the complex permittivity of a ,iuid, the
experimental setup shown in Figure 4-6 is used to measure the
fcllowing parcmeters:

foEmpty Resonantfrequencyof the empty cavity

foFull Resonantfrequencyof the cavity when
filled with the ILquidundertest

fl Full Lower Half-power frequencyof the cavity
whenfilled with the liquid undertest

8q
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TABLE 4.5
VSWR READINGS FOR EMPTY CYLINDRICAL TANK

(NO PERTURBATIONS)

VSWR AT VSWR FAR COUPLING LOSS FACTOR

CONFIGURATION FREQUENCY RESONANCE FROM RESONANCE SO(I+S1 )
f0 (GHz) (Sc) (_1) $1(1 r SO)

I. MONOPOLE, 1.577042 1.51 8.72 .671
MULTIPLE 1.379690 1.76 5.85 .747

1.583620 3.44 8.72 .864

II. MONOPOLE, .560025 6.05 34.8 .883
SlNGLE .681072 2.10 34.6 .697

.908717 1.87 15.8 .693
1.764474 1.11 5.0 .631
1.910966 1.58 4.03 .764
1.914770 1.17 4.42 .661
1.963161 1.50 17.4 .634

II1. LOOP, 1.143397 1.53 21.7 .633
MULTIPLE 1.514971 4.77 21.7 .865

1.881530 1.92 13.4 .707

TABLE 4-6
VSWR READINGS FOR EMPTY CYLINDRICAL TANK

(WITH PERTURBATIONS)

- MODE FREQ VSWR AT VSWR FAR COUPLING LOSSFACTOR

fo (GHz) RESONANCE FROM RESONANCE SO(1+S 1)
(S0) (S1) S1 (1 + .S0)

.963645 1.92 34.7 .676

1.763962 1.09 6.49 .602
.... J

1.7665059 3.57 ',7.3 ,826

1.911663 1,92 9.18 .729

1.913077 1.38 3.00 .773

1.91422_2 1.38 4.42 .711

1.964133 5.77 9.18 .945

Avera_ Coupling LossFactor .752
m

.¢.,3

.l
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f2Full - Upper Half-powerfrequencyof the cavity i i :when filled with the liquid

" VSWR - Voltagestanaingwaveratio of filled i j !
" cavity input port : _

The dielectricconstante' isobtaineddirectlyfrom the equation:

(foEmpty i2

°--_,0-_)
The losstangent isdefinedas:

c' 1
Tan8 ....

E"

where

e' is the real part of the complex permittkity or 1
dielectricof a fluid I

e" is the imaginarypart of the complexpermittivity ,,

QO isthe selectivityfactor of the filled cavity

The selectivity factor QO is obtained from the cavity loaded Q or
ratio of total re,_ctanceto total lossobtained_rom the relationship:

foFull

QL = f2Full, flFull

andthe VSWR of the filled cavityfrom:

(,2

%=Q_- +v_
l

'i'I

I_
I
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Table 4-7 showsthe fr_!uency and VSWR data taken with samples
of RP-1 from eachbarrel,andTable 4-8 summarizesthe resultsfor e'

and the Lo_ Tangent.Thesereadingsarequ!tecloseto previousdata
taken for RP-1, indicatingthat the RP-1 is relativelypure, andmore
importantly,defined.

4.1.5 RP-1TEST RESULTS WITH The cylindrical test tank wasplaced in the test cell as illustratedin
CYLINDRICAL TEST TANK Figure 4-7. It is positioned on a load cell platform to permit an

accurate determination of RP-1 weight during testing. The data
acquisition system and or,entation controls used during the
cryogenic testing were adapted to the RP-1 test setup. Data was

recorded automatically on IBM cards. The RP-1 fluid handling
systemconsistedof a reservoirtank, heater, heat exchanger,motor
and pump, interconnecting plumbing, and various manual and
elect:ically activatedvalves.The RP-1reservoirtank wascontainedin

., an insulatedshelter to isolate the RP-1 from the outside ambient
temperature. Figure 4-8 showsthe RP-1 reservoir tank with heat

" exchangersecuredto its side. Also ._hownis the motor and pump
•. usedin the transferof the RP-1 betweenthe reservoirtank and the

test tank. Figure 4-9 showsthe heaterandair ductingusedto supply

heat to the heat exchanger,Whencoolingisnecessary,a IN 2 supply
isutilized ;nsteadof the heater.

' Usingthe 1.0-2.0 GHz RF bandwith the RP-1 cVi;ndricaltest tank,
_, the following combinations of tank configuration and probe

configurationsweretested.

•. • 4 Monopoleprobeelements,no perturbations.

• 1 Monopoleprobeelement, no perturbations.

• 2 Monopoleand2 Loop probe elements,no perturbations.

• 4 Monopoleprobeelements,with perturbations.

!- • 1 Monopoleprobeelement,with perturbations.

; • 2 Monopoleand2 Loop probeelements,with perturbations. ' '
For each of the six test confiqurations the following data was

li obtained:

[ 93
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TABLE 4-7 i
VSWR DATA FOR RP-1 , J

1o (GHz) fl (GHz) f2 (GHzI I POWERV_'_NR METE R COMMENTS
I

1 969069 1 900021 1 960297 1 _15 0 03MW
1 969071 1.68882_ 1 969296
1 _ 1._ 1.069204 (Empty Ttnkl
1.969073 1 G68819 1.968299
1.6Q9075 1 _ 1 g69297

1 969675 1 968823 1,989295 Av_age

1 366652 1.366781 1,367901 6 8 _ Run No 1
1 3_H_1 1.365736 1,3187971 NO, 1 borrd
1 3(56657 ' 365770 1,357976
1.366659 1 366776 1,3_974
1 366656 1 31_772 1,967977

1 366655 1,365777 1 3457676 A_.era_e

1 306407 1 365260 1 368072 7 0 4 2dbm Run No 2

1 364_4124 1 355269 1 368079 I No 2 berret
1 366441 1 365259 I 368078 I
I 366443 1 365266 1 368_
1 366331 1 3657?4 1 368096

1 366410 1 366263 1 368082 Averagt"

1 365971 1 364402 1 367316 7 0 4 3bdm
1 36502_ 1 3644;0 1 367204 Ru,',No 3
1 365944 1 364413 1.367323 No 6 h_rre_
1 _X_36 I 3643_0 1 367352
1 36,T_ 1 364421 1 367352

1 3455754 1 364401 1 3k¢;7325 Average

1 364673 1 363631 1 386746 5 5 3 9dbm Run No 4
1 364680 1 3_3573 1 366757 No 2 t_lrwe;
1 364671 1 363569 1 366754
1 364690 1 363575 I 366750
1 364694 1 363672 1 366761

1 364681 1 363564 1 366755 Averlge

365566 1 3M513 1 367516 6 7 4 2dbm
36554,J I 364524 1.367530 Run NO 5

1 365527 I 364500 1 367532 No 5 I_net
1 385547 1 364469 1 367470
I 365561 I 364499 1 367499

1 365546 1 364501 1 367509 Av_raqe

1 366184 I 366106 1 367977 66 4 2dbm
1 366242 1 365149 1 367991 Ru_ No 6
I 366193 I 365098 1 367980 No 3 barrel
I 366190 1 365113 1 367986
1 366196 1 356131 1 367990

I 366201 1 365119 1 267985 Average

1 34_984 t 366870 1 308666 6 5 4 2dbm Run No 7
1 3669_0 1 365666 1 36_659 "_o 7 I_r_e_
1 388979 1,365828 1 368653
1 366977 1.365877 I 368663
1 3RI8980 1 365876 1 368671

1 366980 1 365873 1 368660 Average

1 363747 1 362586 1 355788 6 8 3 7dbm Run No 8
1 363739 I 362587 1 365786 No I barrel
1 383734 1 362690 1 365789 (re,un _,_mple2_
I 363753 1 362589 1 365787
I 363747 1 362586 1 365794

1,363744 1 362587 1 365769 Ave_aW

1,366423 1,364272 1 367169 60 4 2dbm Run No 9
1 3(55371 1.364361 1 367161 NO t b_r_el
1 3_534_ 1,364258 1 367137 (rerun (_r_t
I 365333 1.364262 1 367148 f.w'nplel '
1 365377 1,3_4257 1 367146

1,365374 1.364352 I 367153 Ave_

1976005144-100



Iltma-umm_Ul&
Un=tk,p_=rt
Olvklk=_

TABLE 4-8

ELECTRICAL PROPERTIES OF RP-1

RP CAVITY SETTING 20.8

Barrel I TAN_ (10.3) i,No. e QL Qo e (10.3 ) Comment

1. 2.07588 1.24280 621.770! 804,63 2.57990 *Sample 1
cavity not full

2. 2.05434 1.78812 427.6601 559,246! 3.69120
3. 2.059741 1,77994 434.I28 561.814 3.66621
4. 2.076625 1.60463 484.714 623.196 3.33214
5. 2.06172 1.69506 453.971 589.948 3.49474
6. 2.07861 1.66519 467,084 600.530 3.46000
7. 2.05742 1.55908 490,484 641.400 3.20768
1. 2.06223 1.55805 472,284 629.710 3.27492 (Sample 1 rerun)

1, 12.06718 1.81431 425.904 594,627 3.4R467 (SampleNo. 2)

Except
Average 2.05598 1,68305 [457.029 594,627 3,48467 ,barrel 1

sample 1

Theoretical 2.08000 1.60000 3.32000

i j

U
o_
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• RP-1 loading data (IBM cards and analog X-Y plots of modes
versusmass).

¢ Dynamic orientation data at every 10% RP-1 massincrement
from 100% thru 0%. Approximately 100 data frames were

', recordeddirectly on IBM cardsat each 10% loadingcondition.
(Approximately 1100 data frame_per testconfiguration).

• Static orientation data at 80% and 20% RP-1 loading
increments. At each RP-1 loading, approximately 20 data
frames were recorded for each tank position at angular

increments of 45 degrees from 0-360 degrees, i.e.,
., approximately180 data framesat eachloading.(Approximately

360 data framesper configuration).

Figures4-10 thrL'4-15 contain the X-Yplots of the analogRF system
output versusthe RP-1 massobtainedduringthe RP-1 loadingtests
with each of the six test configurations.The dynamic orientation
data obtained during each of the six test configurations were
analyzedby establishingfor eachmassloading:

• Minimum modecount

• Maximummodecount

• Meanmodecount

• Variancein modecount

• Standarddeviationof modecount.

Table 4-9 containsthe resultsobtained with eachof the three probe
configurationsusi_lgthe uncluttered, unperturbed test tank. It is
noted that the varianceand standarddeviationmode count at each

mass% loadingis clearly lower with the 4-monopole configuration.
The probe configurationcontaining two monopolesand two loops
clearly does not offer any significant advantage over a single
monopoleprobe, even thoughthe X-Y loadingculveswould seemto
indicate that it might. In comparing the results, averagesof the
calculated standard deviations in mode count for each test

98
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configuration confirms the conclusionthat four monopole probes
providebetter gaugingaccuracyin a smalltank that doesnot contain
any perturbations.

Table 4-10 containsthe resultsobtainedwith eachof the three probe
configurations,after the aluminum rod perturbationswere addedto
the test tank. Again it is noted that the 4-monopole probe
configuration providesa lower variance and standarddeviation in
mode count, and that the 2-monopole& 2-loop probeconfiguration
does not offer any advantageover the single monopole probe
configuration. It is further noted that in comparingthe resultsof
Table 4-9 with those of Table 4-10, the variance and standard
deviationis the lowestin the testconfigurationwherefour monopole
probes were used and perturbationswere added to the test tank.
These results are consistent with the understandingof mode
degeneracies.

For tank configurationswith symmetry about one or more axes,
mode degeneraciesexist, and the modesthat can be counted tend to
be grouped together and are fewer than the number that actually
exist. In small tanks whosedimensionsare only a few times greater
than the smallest wavelength, introducing symmetry-destroying
perturbations does tend to "break-up" the mode groupingsand
provide a more uniform distribution of the modeswith frequency,
and subsequently cause less variance in mode count. This is
dramatically illustratedby the RP-1 loadingcurvesshownin Figures
4-11 ab,d a !4, and by the calculated variances and standard
deviations for the singlemonopoletest configurations.With tanks
whose dimensions are very large compared with the smallest
wavelength,the situation isquite different. The modedensityisvery
high and the spacingbetween most modes is small and relatively
uniform. This wasobservedon the stripchartstaken duringsomeof
the large tank testsirt PhasesA and B. Any perturbation capableof
resolving a degeneracy by frequency shifting one of two modes
would tend to shift it into superpositionwith some other nearby
mode. As a result, solution of the "degeneracy problem" through
deliberate introduction of deformations or other physical
perturbations into e truly largecavity would probably be pointless.

Table 4-11 providesa comparisonof the dynamic and static RP-1

100
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InNl_Bment= &

! orientation test data for eachof the tank and probecunfigurations.
It is seenthat in generalthe varianceandstandarddev:ationof mode
count data is lowerin the caseof dynamicorientationwherethe test

; fluid is in motion relativeto the interior of the test tank. It is also

noted that the mean mode count for both the dynamic and static

orientation testing is in relatively close agreement, although in
general the mean mode count obtained during the dynamic
orientation is slightly lower than that obtained during the static
orientation. This is attributed to the fact that the RF sweepspeed
duringthe dynamic testswasslowrelativeto the very rapid dynamic
changesin the positioningof the RP-I within the tank. Note that the
differencesin mean modecount for the 81_TomassIoedingsissmaller
than for the 20% massIoadings.This follows from the fact that the
motion of the liquid is much more restricted at the 80% mass
loading.

4.2 SPHERICAL TANK To provideadditional configurationevaluationsand a test vesselfor
EVALUATIONS RP-1 pressurizationtests,a smallsphericaltest tank wasdesignedfor

use with RP-1. This tank has an internaldiameterof 0.857 meters

and a volume of 0.330 cubic meters. Figtre 4-_.6 showsthis tank
mounted in the orientation test fixture. Since RP-1 pressuretests
were to be performed in this tank, the two hemisphericalhalf shells
were welded together at the mating surfaces.Aluminum rod
perturbationswere placed in each hemisphereas shown in Figure

• • 4-17 just prior to weldingtogethereachhalf. The final configurations
, of RP probes used during the RP-1 tests included the same four

monopoleprobesthat wereusedduringthe cylindricaltank tests.

Testingwith the sphericaltank includedempty tank strip chartswith
various combinationsof RF probes, loading and orientation tests,

' and p.'essurizationtests. The following paragraphsdescribe this
testing.

4.2.1 STRIP CHART DATA An examination of strip charts with various combinations of
monopoleandloop probe elementswasperformedwith the spherical

_ test tank with an RF frequencyband of 1.0 to 2.0 GHz. Table 4-12
summarizesthe mode count obtained for eachprobecombination.

r : " Againit isseenthat asthe numberof probesincreases,the detectable

{._ mode count decrea,_es.The advantagesof using multiple probesin
terms of improved performancewith orientation must be weighed

i.i
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Figure4-16
SPHERICAL RP-1 TEST TANK
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Figure 4-17
HEMISPHERE WITH PERTURBATIONS
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againstthe lower O and subsequentlylower mode count. From the
evaluations with the cylindrical test tank it is clear that the

advantagesof using a multiple probe are significant enough to
support its use. It isalsonoted that the loopprobesdo not offer any
advantageoverthe monopoletype probes.

TABLE 4-12

MODE COUNT FOR COMBINATIONS OF RF PROBES

FROM STRIP CHART DATA, SPHERICAL TANK, 1.0-2.0 GHz

STRIP CHART

PROBE TAKEN FROM
COMBINATION PORT#2 PORT #1 POP] #3 PORT #4

NUMBER TYPE MODE
PROBE COUNT

i I ii ii ii

1 Monopole 686 Plug Plu,3 Plug

2 Monopole 634 Monopole Plu§ Plug

3 Monopole 800 Monopole Monopole Pluo

4 Monopole 595 Mo_opole Monopole M3nopole

5 Monopole 602 Monopole Loop Loop

6 Loop 561 Monopole Monopole Loop

7 Loop 666 Plug Plug Plug
,, m

4.2.2 RP-1TEST RESULTS The sphericaltest tank wasmoved to the test cell andinterfacedwith
the fluidsand data acquistionsystems.Usingan RF rangeof 1.0-2.0
GHz an X-Y plot of the systemsanalogoutput versusmassof RP-1
was taken as illustrated in Figure 4-18. Using the 1.0-2.0 GHz RF
frequencyband with RP-1 and four rnonopoleprobes,the following
orientationdata was obtained:

}

• Dynamic orientation data at every 10% RP-1 massincrement
from 100% thru 0%. Approximately 100 data frames were

112
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! recordeddirectly on IBM cardsat each 10% loadingcondition.
' " (Approximately 1100 data frames).

_! • Static orientation data at 80% and 20% RP-1 loading
'" increments. At each RP-1 loading, approximately 20 data
,. frames were recorded for each tank position at angular
_i increments of 45 degrees from 0-360 degrees, i.e.,
• " approximately180 data framesat eachloading.(Approximately
: - 360 data frames).

The dynamic orientation data obtained duringthe test wasanalyzed
- by establishingfor eachmassloading:
•

• Minimum modecount

• Maximum modecount

- ; • Mean modecount

• Variancein modecount

• Variancein mode count

• Standarddeviationof modecount.

Table 4-13 contains the results obtained during the dynamic
orientation tests, indicating an averagestandarddeviationof 4.59
modesfor all fill levels.Table 4-14 showsa comparisonof the test
resultsobtained for the dynamic and static orientationswith 80%
and 20% RP-1 massIoadings.It is noted that the meanmodecount

• _ for the dynamicand staticorientationarein closeagreement.

,
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TABLE 4o13

RANGE, MEAN, VARIANCE, AND STANDARD DEVIATION OF
MODE COUNT DATA: RP-1 DYNAMIC ORIENTATION TESTS

' SPHERICAL TEST TANK - MAY 14, 1975

MASS RANGE
% - MEAN VAR S.D.

LOADING MIN MAX

100 73 78 75,34 1,34 1.16

90 94 110 102.69 11.11 3.33

80 104 121 112.50 12.07 3.47

70 119 137 127.14 14.22 3.77

60 133 150 140.66 17.46 4.18

50 150 170 161.08 19.29 4.39

40 177 208 192.53 37.81 6.15

30 229 258 242.63 47.11 6.86

20 293 334 313.62 56.03 7.49

10 394 426 411.11 46.02 6.78

0 629 643 636.61 8.64 2.94

AverageS,D. 4.59

114
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TABLE 4-14

COMPARISON OF RANGE, MEAN, V&RIANCE, AND STANDARD DEVIATION
OF MODE COUNT DATA OBTAINED DURING STATIC AND

DYNAMIC ORIENTATION: RP-1SPHERICAL TANK

DYNAMIC ORIENTATION STATIC ORIENTATIONii

MASS -" R_,NGE RANGE
% MEAN VARIANCE S.D. MEAN VARIANCE S.D.

LOADING MIN MAX MIN Mh_

80 104 121 112.50 12.07 3.47 107 121 112.61 12.58 3.55
I

20 293 334 313.62 56.03 7.49 304 322 314.08 1 27.79 5.27
I

J

4.2.3 PRESSURIZATION TESTS A pressurization test using the spherical RP-1 test tank was
performedto determinethe effect on the RF gaugingsystemoutput
under _u,,ultions of pressure.Theory would demand that if the
volumeor the tank is not changedandif the electricalcharacteristics
of the RF probesare not altered by the pressureconditions,the RF
modecount will not change.

4.2.3.1 VOLUME CHANGE WITH The volume of the test tank does,however,changewith pressure.To
PRESSURE estimate the amount of volume change anticipated with the

application of 200 psig internal pressure: for the purposesof
simplicity, the following can be assumedabout the sphericalRP-1
test tank:

• It is an idealsphere,i.e. no welds,holes,etc.

• Made from T-6061 aluminum

• _*,veragethickness;t = 0.390 inches

• Nominal internaaradius;r = 16.88 inches.

The tank volumeat 0 prigwould be

V=4 4 3 _
_-lrR3=-_, (16.88) (34) _i
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• _ V = 20146.8 in3 (0.3302 m3).

At 200 psig,an estimatedvolumecan be determinedby notingthat
for an idealspherethe changein radiusis

Ro v) (35)T {1-• .

where

R = radius(16.88 inches)
o = unit stress

E = modulusof elasticity (10.0 x 106 psi)
v = Poisson'sratio (0.30)

and
• .

-. pR
o =-- (36)

2:

where

: :. p = pressure(200 psig)
t = thickness(0.390 inch).

t

: • Combiningequation 35 and 36 , andsolvingfor LIR

2tE

• " (200)( 16.8812(1 - 0.3)
LIR = = .0051 inch (.00013m). (37)

(2)(0.391(10.0 x 106)

The new volumewould then be

4 )3
, : V =-_-1r(16.8851 = 20165.06 in3 (.3305 m3),

I 117
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This indicates that an increase in volume of approximately 18.26 in3

(.003m3), i.e., approximately 0.09% increase.

For the empty tank, considering the maximum theoretical number of

modes possible basedon the volume dependency reiationship,

N -8"v (f23.f13) (3_)3 C3

it would be =,xpected for a 200 psig pressure it;crease that the
maximum number of modes would increase in proportion to the

increase in tank volume, i.e. by only 0. _3%.

4.2.3.2 PROOF PRESSURE A proof pressure te_t of 600 psig with water was planned prior to

TESTING beginning the RP-1 pressurizatior tests. Pressure was gradually
increased dur:ng the proof pressure test until at 525 psig, the girth

weld of the test tank failed. Figures 4-19 and 4-20 illustrate this
failure in the weld. The test tank was reworked by machining away

the welded area and then again welding together each hemisphere. A
pr:)of pressure test was then repeated with a maximum pressure of

325 psig.

4.2.3.3 RP-1 PRESSURIZATION For the pressurization tests, twenty IBM data frames of RF mode

TESTS count and pressure were taken at each 50 ?sig increments of pressure
from 0 to 200 psig for each !0% fill level of RP-1 from 0 to 100%.

An X-Y plot of RF mode count versuspressurewas _lso recorded at

each RP-1 loading. The iBM recordings at each pressure increment
were taken on a static basis where data was first taken at the lowest

prP_sure increment, and then at each successivepressure increment.

Th_ X-Y plots at each fill level are continuous recordings which were
taken as the pressurswas relieved from the test tank.

Table 4-15 is a summary of the average mode count obtained for
each combination of pressure and RP-1 loading level. Figures 4-21

thru 4-26 show the X-Y plot recording of 0% (dry), 100%, 90%, 80%,
70%, and the 60% RP-1 Ioading_. It is noted that at the 60% loading

the RF output as seen on the X-Y plot became very irregular. The

X-Y plots for the 50%, 40%, 30%, 20%, 10%, and 0% Wet RP-1
loading also showed a very irre_;,,ar variation in mode count. After

118
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the testing, the RF probes were removed from the test tank and the

radomes removed. It was noted that RP-1 had leaked into the probes

• and that in one of the probes the pressure had pushed the radome
such that it physically cau_d the radiation element to short out

against the outer conductor of the semi-rigid coax. It was apparent

that this was causing an intermittent electrical short during the

pressurization. The highlighted data in Table 4-15 are clearly data in
which such shorting out of the RF probe was occuring. The

remaining data is sufficient to illustrate that the_ is no significant
variation in RF mode count as a function of pressure with RP-1 as

the test fluid. A slight increase in mode count in the dry empty tank

was noted, and exceeded any increase that could possibly be caused

bv an increasingtank volume. Figure 4-27 shows the empty tank X-Y
J plot of mode count versuspressurethat was performed after all RP-1

fill levels were tested. It is interesting to note that at the lower
increments of pressure there is r.3 such increase in mode count as the

pressurewas increased. The same is noted from Table 4-15.

An insulating spacer was then fabricated and inserted in each probe

to assurethat the radiation element would not short out regardlessof

any collapsing or movement in the radome. It was, however, not
feasible to make _urthet modifications to ruggedize or prever4 RP-1
from entering the probes. Nonetheless, the pressurization tests were

repeated and th=. results are summarized in Table 4-16. Figures 4-28

thru 4-38 show the X-Y plots of the 100%, 90%, 80%, 70%, 60%,

50%, 40%, 30%, 20%, 10%, and 0% RP-1 Ioadings. These plots
recorded t,_,_analog RF output as the pressure in the tank was

relieved from 200 psig. It is clear that the addition of the insulating
spacersin the RF probes minimized variations with pressure. A more

rigid radome would undoubtedly be advantageous to further

minimize possible effects due to the probes. One additional test with

a 100% RP-1 loading was performed where the tank was pressurized

to 300 psig. Figure 4-39 shows the X-Y plot of mode count versus
pressureas the pressure was released.There was no dstectable change

in mode count over the span of 300 psig.

i
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., TABLE 4-15

MODE COUNT VS. PRESSURE

RP-1PRESSURETEST - MAY 29, 1975
, • • --

APPROX. N2 PRESSUREIN PSIG
O_ j llll

" RP-1 LOADING 0 50 100 150 200

"" DRY EMPTY TANK 614.0 620.9 623.9 627.1 629.9
• • 100 92.2 91.3 88.4 88.7 90.75

90 112.1 111.35 110.5 109.8 109.0
80 124.1 121.2 120.2 119.25 118.5

• . 70 141.9 141.6 140.3 140.5 138.7

• • ' 60 151.1 150.6 148.0 42.6 142.0
50 172.3 174.2 170.5 141.4 169.1
40 199.5 198.1 178.0 163.2 193.5ii i i

-- 30 248.4 49.0 245,4 201.5 201.7
• _ 310.8 307.8 308.1 249,5 _7819
10 415.3 414.0 415.5 378.1 354.65

• - 0 (wet) 618.4 611.5 614,3 618.3 547.7

'- TABLE 4-16

MODE COUNT VS. PRESSURE
: RP-1PRESSURETEST - JUNE 2, 1975

.. APPROX. N2 PRESSURE IN PSIG
O_ i i ii

"" RP-1 LOADING 0 50 100 150 200

100 75.6 83.1 84.3 84.6 85.9
• - 90 108.1 108.3 108.6 108.1 107.4

80 124.5 124.8 122.5 120.6 120.6
70 133.1 134.2 133.4 135.0 134.4

" " 60 145.7 148.7 146.0 144.6 146.2
50 167.0 165.5 166.8 169.7 168.8

, 40 208.4 206.8 205.0 204.4 203.2
' " 30 252.3 251.7 253.0 250.6 246.4

20 316.5 314.0 314.1 317.4 322.3

J _ 10 401.7 407.6 410.7 410.4 411.8
0 (Wet) 628.3 630.7 631.8 628.2 630.8

ii-
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4.3 SUMMARY OFCONFIG- The evaluation of configuration and multiple probes in the
URATION, MULTIPLE PROBE, cylindrical and sphericalRPq test tanks hasprovidedan additional
AND PRESSURE EVALUA- understandingof the effect perturbationsand multiple probeshave

TIONS on RF gaugingperformance. From this effort we can concludethe !
following:

• Multiple 'space-diversity'probesprovide better couplingto the !
resonantmodesthan utilization of a singleprobeelement.This
was clearly demonstrated by comparingthe variancesin mode
count in the testcaseof the four monopoleprobeelementsand
that of the test case involving only one monopole probe
element.

• The use of loop type probe elementsdoes not offer any real "
advantagesoverthe monopole type probeelements.

• With small tankage,the presenceof internalhardwa=eor other
perturbing structural mer,,bersneed not be a detriment to
gaugingperformance, and in fact can greatlyenhancegauging
performance.This wasclearlydemonstratedby the comparative
testsI:erformed with RP-I. This improvementin performanceis
attributed to a reductionin symmetrywhich effectively"breaks
up" mode degeneraciesand providesin effect a more uniform
distributionof modes asa function of frequency.

• It is noted that in the caseof large tanks; i.e., tanks whose
dimensions are very large compared with wavelength, mode
density andspacingbetweenmodesis smalland in effect tends
to inherently provide un;form distrlbution of modes as a
function of frequency. Therefore tile introduction of a
perturbation capable of breaking up mode degeneraciesby
frequencyshiftingoneof two groupedmodeswould,with equal
likelihood, shift it into superpositionwith someother nearby
mode. Hence, the introductionof perturbationsin a truly large
tank will not be expectedto beeither detrimer_talor beneficial
to gaugingperformance.

From the pressurizationtesting usingthe spericalRP-1 test tank, the
followingcanbeconcluded:

• Pressurizationwith up to 200 psig N2 gasin the empty spherical
tank causedno appreciablechangein modecount.

• Pressurizationwith up to 300 psig in the spherical tank
containing RP.1 caused no appreciablechangein modecount.
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• Examination of the RF probes after the pressurizationtestsrevealedthat RP-1 had leaked into the probe. A long term
pressurizationwith RP-1 could force RP-1 into the semi-rigid

H coax line and eventually out at the probes terminating
connector. To prevent this, a more ruggedizedradomeand/or
hermetic seal would be required for high pressureor flight

[! applicaUons.

iI
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H
H
H
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5.0 ANALOG PROCESSING The presentmeth,_d of detectingmodepulsesisthroughthe useof a
ELECTRONICS time delay-differentiator_comparatorschemeshownin Figure5-1. In

this scheme the incoming mode pattern is comparedto the same
pattern which has beendelayed in time. At eachresonantpeak the
differencebetween the delayedandundelayedmodepatternchanges
sign causingthe comparatorto changestate. The Laplacetransfer
function for this circuit can be describedas follows, assumingan
idealamplifierwith gainof A:

E1 1 E2
m = .... 1 (39)
Ein l+RCs ' Ein

E0 E(E--.i_n E2--- =A - )Ein

1.____.1
= A( I+RCs )

1 - 1 - RCS
=A

1 + RCs

(2Rcs)ire,= A 1 + RCs = A s "
1_-_

1/RC

E2

I R_ E I A'% OE°

T COMPARATOR _ :U/*645t-SS6 J_

" 1

ANALOG MODE DETECTOR

I.;i
1 1. '_i
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;" The circuit is therefore band limited with the limits being determined

:', by the RC network as well as the non-ideal characteristics of the
operational amplifier.

! If R and C are chosen as 1 k_ and 1500 pf respectively and a #A715= =

amplif,er with a gain of 31,600 is a._umed, representative

! bandwidths can be calculated from the Laplace transfer function.
• • When this is done using the above values, it is found that the gain of

the circuit is greater than 1 above approximately 3.5 Hz and that
above approximately 400 KHz the network phase shift becomes

180° resulting in instability. The calculated bandwidth for this
circuit is therefore from 3.5 Hz to 400 KHz.

One way to assurethat the rise time of the fastest modes is not faster

than the maximum detector response frequency is to sweep slower

through fast modes while retaining a fast sweep through slower
modes. This can be accomplished using a feedback scheme in which a

signal which is proportional to the rise time of a mode is used to

' control the sweep rate of the R F generator,
I.

A possible implementation o_ such a scheme is '-;lown in Figure 5-2

in block diagram form. In this circuit the incoming modes signal is

• " differentiated resulting in a voltage which is proportional to the rise
.- time of the mode pulse. This signal is retained in a peak detector
i
j. which gives a fast "attack," slow decay control signal. This signal,

after amplification, is used to tune (d=.creasethe frequency) of a

_; voltage controlled oscillator (VCO). The signal from this VCO is

i. digitally counted continuously in a 12 bit binar/ up-down counter.
The digital contents of the counter are continually converted to an

I analog signal of from 0 to 10 volts. W=th no control voltage applied
I. to the VCO the output of the Digital-to-Analog Converter is a

sawtooth wave of 0 to 10 volts. The slope (and perioo) of the

I sawtooth is controlled by the VCO frequency such that the sweep
!. rate is decreased when a fast rise time mode is detected (the VCO

frequency is decreased). A schematic diagram of the circu=t is shown

i" in Figure 5-3.
!.

This circuit was built and tested as a sweep source for the solid state

i " RF VCO which sweeps 1 to 2 GHz. The sweep rate was adjusted to
],, approximately 20 seconds and strip charts were made of :he mode

i

ti
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! _- pattern and the sweep voltage to establish that the scheme was

i i_ working3. E×cract,."of these strip charts for the same frequency band
.= are shown in FigL res 5-4 and 5-5. Both graphs were made with the

_ chart speed and vf..rtical sensitivity the same. The first graph, Figure
' ; 5-4 was made with the feedback loop open so that the VCO was free

._ running. The secon:l graph, Figure 5-5, was made with the feedback

_,_ loop closed so that the VCO frequency was decreased during fast rise

__ time modes. Note that the sweep voltage of the first graph is linea.-

! - while that of the second is not linear, but has a slope which decreases ,
. with each fast mode and then increasesagain after the mode. These

"" graph; make several facts _pparent.

, : First, it will be noted that the distribution of modes in the graph
p:oduced with the feedback ioop closed is much more uniform with

, ; much less "'dead" space between mode pulses. Also, the detail

i i dvailable is much improved when several modes of nearly equal
frequency are merged into apparently one mode. Since the detail is

- - needed only during a mode and not in the dead space between

i _ modes, more efficient use is made of the time during the sweep. This_._
occurs because the RF source is swept more rapidly through dead

. • areas than is normally possible with a constant frequency sweep, but

;, more slowly through rapid modes than is likewise possible with a
constant sweep.

: _;
i •

L. Not immediately apparent on the graph is the fact that the high
?requency content of the mode pattern is considerably reduced when

i the feedback loop is closed. This is the desired result from the
I '

_,. circuit, which with further refinement should enhance the

detectability of modes and minimize errors due to mode processing.
i-
J

t!
!..A

4
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6.0 DIGITAL PROCESSING Another method of dct_.cting resonant mode pulses is through theELECTRONICS use of digital comparison techniques. A block diagram illustrating
this technique isshown in Figure&-l. As shown the circuit employs a

four phaseclock to implementa sample,compare, sample,comparesequence.The sequential operation of the circuit is describedin
Table 6-1. Simply stated, the mode processingis accomplishedby

li comparinga sampleof the mode pattern with a previouslyattained
sample.The comparatoroutput will changestateat eachcomparison
until a resonantpeak is detected.Whenthe comparator output fails

H to changeas a comparison, post comparator
the result of the logic

detects the failure to changeand the output changesstate.
This mode detection schemeis alsobandlimited. All of the following

[i have influence the bandwidth of the circuit: the thresho|d
8n on

voltage of the comparator, the input signalamplitude, the sample
rate, and the acquisition time of the sample-hold. For ease of
calculationa sinewavewill be usedin the analysis:

} _L " Low radian frequency limit
i j

fL" Low frequency limit
f

J t 1 - time of first sample '_

I_ t2 - time of secondsample

V - Thresholdvoltageof comparator

Ij A- Amplitude of sinewave input

..j fH "High frequency limit

fs" Samplingfrequency
I!

l.J The relationship between the sampling frequency (fs) and the low
frequencylimit, (fL) isderivedusingthe equation

i.! A (sin _JL tl - sin_Lt2) = +-V. (40)

U This equationstatesthat the magnitudeof the samplet_ken at t 1, A
sin OJLt1, minus the magnitudeof the sampletaken at t 2, A sin

U
U
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11J TABLE 6-1
i DIGITAL MODE PROCESSINGSCHEME

Pulse S - Sample

_]iii_ No. C - Compare_ Description

1 S First sample is taken.

!_ 2 C Compare sample 1 with 0 volts - Latch A goes high;
output goes high

L- 3 S Take a sample

4 C Compare previous 2 samples - Latch B goes high;
i output remains high

l S Take a sample
i

I_. 2 C Compare previous 2 samples - Latch A remains high;
output remains high

[] 3 S Take a sample

4 C Compare previous 2 samples - Latch B qoes low;

i_ output goes low
l S Take a sample

l 2 C Compare previous 2 samples - Latch A goes low;
, output remains low, etc.

J.!
I.i

Ill ,,3 ,-
I
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_Lt2 , must begreaterthan or equal to the thresholdvoltageof the 1
-_t comparator for an input signalwith a radian frequencyof _L" If this J

equation is satisfied, mode pulses corresponding to frequencies

greater than o_L. If this equation is satisfied, mode pulses /
correspondingto frequenciesgreater than _L will be sensed,and

J

those below oJL will go by undetected. Returning to the above
equation

,_ A (sin _L tl "sin _L t2) > + V
i

A (sin27rfL t 1 - sin21rfLt2) >_+ V.

• Zero time ischosenasa startingpoint so t 1 issetequal to 0

A (-sin21rfLt2) ;t + V

A sin 27rfLt2 _ V

sin21rfLt2 _ V/A

arcsin(V/A)
t2 ;_

21rfL

t2 is the time betweensuccessivesamples,sothe samplingfrequency ,. :
is

; r

fs_2 _ arcsin(V/A) !I

From this ,_quationit can be seen that the samplingfrequency is

dependentupon the lowest frequencyto beprocessed,the threshold _1
voltageof the op amp, andthe amplitudeof the incomingsignal. ,.j

t

Accordingto samvlingtheory, a signalmust be sampledtwice every ilicycle, at the minimum, to get an accurate representationof the
signal.In thiscase,to insureaccuracy,the signalbeingproceisedwill
be sampledat a minimum of 4 times per cycle. Now a relationship I
canbegivenfor the upper frequency limit, l. '

?

1

i {:L
' ,lltliili_.lli -., .' "_ ................ ,.i, -_.i ................. =i ==,=.i==..=,=,._iliw .._....................... _'_..li_

• , , , _ ' ". t _ll i 'l _lll="J_[* _, r I lillilil_it.l!il , " " _t .' ;.
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= i

i

fs 2_fL

fh =4"= fr arcsinlV/A)

fR = SamplingRate_>4

Usingrealisticvaluesin the equationsderived, a bandwidthfor this :
circuit canbecomputed.

! For V, the threshold voltage of the comparator,5 mV has been
" selectedandthe amplitudeof the sinewave input, A, is takento be 1

volt. The low frequencylimit of 25 Hz will beused,
j

fs = 2_rfL 21r(25) = 7.85 KHz, =i; fh='4 " 4arcsin(V/A) =4arcsin _.0051
t+i tll

, f!_., A common approximation is that arcsin 0 = 0 for 0 < 0.1, it can
therefore be seen that the high frequency I;mit is inversely

i ' proportionalto the thresholdvoltageof the comparatoranddirectly
!.! proportionalto the low frequencylimit.

+_ Thereforeto increasethe upperfrequencylimit it isnecessaryto use
[_ a comparator with the lewest possiblethreshold voltage and to

operatewith the highestpossiblelowfrequencylimit.

[i The circuit was built and tested with a sine wave input signalto

simulatethe mode pattern. For a samplefrequencyof 500 KHz the

i! maximum and minimum frequencieswere 170 KHz P,nd 38 KHz
l_ respectively.These valuesareconsiderablypoorer than anticipated.

The poor low frequency responseis apparentlydueto both the large

: j_ threshold voltage of the comparator used and noise problems
I__, associatedwith comparatorindecisionat the lower frequencies.No

further attemptswere madeto further improvethe responseof the

t.! digital mode processor.It is concluded that although the digital• mode processingapproach does offer someconceptualadvantages
over the analog mode processingapproach, at presentthe analog

l i approach is simpler, has been proven by demonstrationin gaugingtests,andhenceisthe choicefor a processingapproach.

j 155
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7.0 CONCLUSIONS From the experimentalresultsof the testsconductedduringPhaseC,
the followingconclusionsmay bemade:

• The feasibility of the RF Gaugingmodecountingtechniquehas
againbeen demonstratedfor gaugingliquid hydrogenand liquid
oxygenunderall a_titudeconditions.

• With LH2, it has been demonstratcd under dynamic fluid
conditions,in whichthe fluid assumes(with time) everchanging
positionswithin the tank, that the RF Gaugingtechniqueon
the averageprovidesa very goodindicationof mass.Tt_p.average
percent of error massfrom the best fit linear-regressioncurve
for all fill levelswas 1.17 percent.

• With LOX, it has been demonstrated under dynamic fluid
conditions,in whichthe fluid assumes(with time) everchanginb
positions within the tank, that the RF Gaugingtechniqueon
the averageprovidea very good indicationof mass.The average
mass error using a single-segmentpolynomial equation to
calculate massknowing mean mode count was0.8576 percent
of full scale.

• It is significantto note that the distributionof the modecount

data at eachfill levelduringdynamic LH2 and LOX orientation
testingdoesapproacha statisticalnormaldistribution.

• Multiple 'space-diversity'probesprovide better couplingto the
resonantmodesthan utilization of a singleprobeelement.This
was clearly demonstratedby comparingthe variancesin mode
count in the testcaseof the four monopoleprobeelementsand
that of the test case involving only one monopole probe
element.

• With smalltankage, the presenceof internal hardwareor other
perturbing structural members need not be a detriment to
gaugingperformance,and in fact can greatly enhancegauging
performance.This wasclearlydemonstratedby the comparative
tests performedwith RP-1. This improvementin performanceis
attributed to a reductioninsymmetry which effectively "breaks
up" mode degeneraciesand providesin effect a more uniform

¢

1§_
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distributionof modesasa functionof frequency.It is, however,

t i noted that in the case of large tanks, i.e. tanks whose
i dimensionsare very large comparedwith wavelength, mode
i i density and spacingbetweenmodesis small andin effect tends
;! i to inherently provide a uniform distribution of modes as a

function of frequency. Therefore the introduction of a

i_ perturbation capable of breaking up mode degeneraciesby
_ frequencyshiftingoneof two groupedmodeswould, with equal

likelihood, shift it into superpositionwith someother nearby
mode. Hence,the introductionof perturbationsin a truly large
tank will not be expectedto bLeitherdetrimentalor beneficial
to gaugingperformance.

• Pressurizationwith up to 200 psigN2 gasinthe empty spherical
tank caused no appreciable change in mode count. !

• Pressurizationwith up to 300 psig in the s,_hericaltank
containing RP-1 caused no appreciable change in modp.count.

• The variable sweep rate generatortechnique providesa more
uniform mode versustime clistributionfor processing.Signal
processingusingthe analogmodeprocessingtechniqueandthe
variable sweep rate concept is recommended for

: implementationin PhaseD.

i .
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" APPENDIX A

' COMPUTER PLOTS OF

FREQUENCY OF OCCURRENCE VS. MODE COUNT
AND

MODE COUNT VS. ORIENTATION ANGLE

JANUARY 15, 1975 LH2 TESTS
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